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A country’s sustainable development or that of the whole world can be threatened by 
many factors, amongst which is the adverse environmental impact from burning fossil 
fuels. A variety of active measures are being taken to combat the problem; alternative 
energy sources with low or even zero carbon emissions are being sought, and 
stringency on energy efficiency of buildings and household appliances has been 
increased constantly in some countries. In recent years, energy efficiency 
developments have been promoted as an equivalent energy source. This is particularly 
relevant and meaningful to the building sector, which accounts for a large percentage 
of the global energy demand and has huge potential of making energy efficiency 
improvements.   
 
This research practice deals with energy performance of hotel buildings, one of the 
most energy intensive branches in the building sector. An extensive survey conducted 
in Singapore’s hotel industry collected energy consumption data as well as other 
relevant information from 29 quality hotels. The physical and operational 
characteristics that affect energy use in hotels were identified, and detailed statistical 
analyses conducted to understand their influences on hotel energy performance. A 
good understanding of these factors and the ways they affect building energy use may 
prove valuable in new designs, retrofitting projects as well as energy management 
programmes. Also investigated are the interactions between hotel buildings and the 
environment. The environment influences building energy use through climatic 
conditions. Attempts were thus made to correlate hotel electricity consumption with 
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the outdoor air temperature by statistical models. Meanwhile, buildings are also 
changing the environment, notably by emitting greenhouse gases or pollutants. This 
environmental impact of hotel buildings was quantified through greenhouse gas 
emissions accounting, which may in the near future be required as part of an 
enterprise’s accounting procedure.  
 
Building performance evaluation entails well established performance metrics, based 
on which fair and objective comparisons can be made between buildings or against 
certain standards. Energy benchmarking can be an excellent tool. In this study, a hotel 
building energy benchmark was developed that allows hotel buildings to have quick 
preliminary evaluations of their energy performance without the need to carry out a 
detailed and often costly energy audit. To account for the factors that are beyond the 
hotel management’s control, regression techniques were adopted to normalize these 
“uncontrollable” variables. The two normalizing factors identified are number of 
workers on the main shift and hotel star rating. As a result, the benchmark can be 
viewed as an equitable platform, which grades hotel buildings based on their energy 
efficiency rather than on other factors.  
 
In addition, hotel building energy classification was made using an approach based on 
fuzzy clustering techniques. This method of classification does not define class 
boundaries in an arbitrary manner but finds natural “clusters” existing in the data 
structure. The energy classification thus obtained was found to be more reasonable 
and well balanced than that generated by the traditional equal frequency method. 
Therefore, the new methodology is more desirable in determining energy classes for 
building energy labelling or certification programmes. This study also used Data 
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Envelopment Analysis (DEA), a technique for relative efficiency evaluation, to assess 
hotel building energy efficiency. The inputs and outputs of the efficiency model were 
chosen with reference to previous studies but also taking into consideration the hotel 
sector’s distinct characteristics. After applying the model, energy efficiency ratings 
obtained were compared to percent ratings given by regression-based benchmarking, 
in hope of digging more information through comparison. Lastly, the pros and cons of 
these two methods for efficiency evaluation were discussed.    
 




Table 4. 1 General characteristics of the sampled hotels.............................................52 
Table 4. 2 R2s of linear models correlating energy use with primary determinants ....64 
Table 4. 3 Summary statistics of hotel energy use intensities .....................................65 
Table 4. 4 R2 and CV-RMSE of baseline models........................................................76 
Table 4. 5 CO2 emissions from the sampled hotels .....................................................82 
Table 5. 1 Comparing DEA scores with corresponding RA rankings.......................118 
Table B. 1 Pearson correlations between energy use intensity and secondary energy 
drivers ........................................................................................................................142 




Figure 4. 1 Histogram of number of guest rooms in hotels .........................................53 
Figure 4. 2 Histogram of dry bulb temperature in hotels.............................................57 
Figure 4. 3 Histogram of relative humidity in hotels...................................................57 
Figure 4. 4 Average fuel mix in hotels without diesel consumption ...........................62 
Figure 4. 5 Average fuel mix in hotels with diesel consumption ................................62 
Figure 4. 6 Annual total energy consumption vs. gross floor area ..............................64 
Figure 4. 7 Annual gas consumption vs. floor area for dining facilities......................66 
Figure 4. 8 Energy use intensities of hotels with different star ratings........................67 
Figure 4. 9 Annual total energy consumption vs. number of workers on the main shift
......................................................................................................................................70 
Figure 4. 10 Energy use intensity vs. yearly occupancy rate.......................................71 
Figure 4. 11 Monthly electricity consumption vs. number of occupied rooms ...........73 
Figure 4. 12 Outdoor temperature and hotel electricity consumption .........................74 
Figure 4. 13 Monthly mean daily electricity consumption vs. monthly mean outdoor 
temperature ..................................................................................................................77 
Figure 4. 14 Trendlines for thirteen statistically significant hotels .............................78 
Figure 5. 1 Energy use intensity vs. worker density ....................................................92 
Figure 5. 2 Process of transforming inputs into outputs ..............................................94 
Figure 5. 3 Hotel cumulative distributional benchmarking curve ...............................98 
Figure 5. 4 Hotel energy classification defined with the equal frequency method....102 
Figure 5. 5 Defined clusters for normalized energy use intensity of hotels ..............104 
Figure 5. 6 Hotel energy classification defined with clustering techniques ..............105 
Figure 5. 7 Comparison of class ranges generated by two classification methods....106 
Figure 5. 8 Efficiency and inefficiency characterizations relative to unit isoquant...110 
Figure 5. 9 Hotel efficiency scores computed by using DEA technique ...................115 
Figure 5.10 Actual and projected values of hotel electricity consumption................116 
Figure 5. 11 Actual and projected values of hotel fossil fuel energy consumption...116 
Figure C. 1 Histogram of regression standardized residual.......................................143 
Figure C. 2 Residuals plotted against fitted values....................................................143 
Figure C. 3 Residuals plotted against predictor variable X1......................................144 







CHAPTER 1 INTRODUCTION       
 1




The energy statistics compiled by the International Energy Agency (IEA, 2005) shows 
that the world’s total primary energy supply has grown from 6034Mtoe to 10579Mtoe, 
nearly doubled during a period of thirty years (1973-2003). It can be expected that the 
growth will continue in the foreseeable future despite the various measures now taken 
to curb it. Apparently, this speeds up the depletion of the limited oil reserves and will 
probably lead to the so called “energy crisis”. But that’s not all. Scientific evidence 
has pointed to the link between climate change and the increased atmospheric 
concentrations of greenhouse gases (Houghton et al., 1990). In industrialized 
countries, this increase of concentrations can largely be attributed to the combustion 
of fossil fuels to meet development and human needs. In addition, there are other 
social and environmental problems related to the ever increasing energy use. Some of 
them are not as imminent, but they eventually incur heavy costs which we have to pay 
in the long run.  
 
The hotel industry is made up of a large number of small operations. Compared to 
some other industries like manufacturing, each business may consume relatively small 
amounts of energy and other resources. But collectively, they can pose pressure on 
energy supply and make significant impacts on the environment. Becken et al. (2001) 
estimated that energy consumed in New Zealand hotels was 4.4 per cent of the 
commercial sector’s energy use. In Hong Kong, the hotel industry’s share in the city’s 
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electricity consumption ranged from 1.7 to 2.2 per cent for the period 1988-1997 
(Chan et al., 2002). Information about energy use in the global hotel industry is hard 
to come by due to the differences between countries. An estimation was made by 
Gossling (2002) based on studies in different countries reporting energy consumption 
in hotels, and found that the global hotel industry’s energy consumption was about 
141TWh (508PJ) in 2001, and the corresponding emissions of greenhouse gases were 
81Mt (CO2 equivalent).  
 
Hotels are found in many countries to be among the most energy intensive building 
categories. As expected, there are lots of factors contributing to their high energy 
consumption, some of which are related to hotel designs and operations, such as 
extensive use of incandescent lamps in lobbies and restaurants, continuous air 
conditioning or heating of large common spaces. For these factors, energy savings can 
often be realized by incorporating energy efficient technologies or making changes to 
hotel operations. However, there are some other contributors, usually related to guest 
behaviors, which cannot be easily altered by the hotel management for the sake of 
reducing energy use. As noted by Kirk (1995), many of the customers who seek 
hospitality services do expect to be pampered, with lashings of hot water, high-
pressure showers, and so on. Since room tariffs are fixed no matter how much energy 
a guest uses, some may indulge in extravagance and behave very differently from 
when they are at home.  
 
During the last decade or so, there have been emerging campaigns like “Eco-
Tourism” advocated to address energy and environment related issues in the tourism 
industry. They have raised the awareness of the general public to a certain extent. In 
CHAPTER 1 INTRODUCTION       
 3
addition, benchmarking and certification programs such as “Green Globe” (Green 
Globe, 2006) and “Energy Star” (U.S. EPA) were set up with the support of relevant 
government agencies and research institutions. They create the momentum in the 
industry, so that hotel owners may take solid steps in order to stay competitive.    
 
1.2 Singapore and its Hotel Industry 
 
Singapore is a small island economy located near the equator. A country with no 
indigenous energy resources, its domestic energy supply depends fully on imported 
oil, natural gas and other energy sources. In 2003, oil accounted for 83 per cent of the 
domestic supply, 16 per cent was gas, and the remainder was coal and others. Like in 
other parts of the world, Singapore’s electricity demand has seen constant growth in 
the past years, with an average annual growth rate of 5.96 per cent from 1995 to 2003 
(APEC, 2005). On the other hand, its power generation sector has made a significant 
switch during the recent years, shifting from burning fuel oil to natural gas. The 
proportion of electricity generated by gas has grown from 19 per cent in 2000 to 74 
per cent in 2005. This move not only improved the overall generation efficiency, but 
also led to significantly lower CO2 emissions from the power sector, as natural gas 
emits 40 per cent less CO2 than fuel oil per unit of electricity generated (NEA, 2006).  
 
In 2003, Singapore government announced the national target of carbon intensity 
reduction, which aimed that by 2012 it should be 25 per cent below the 1990 level. 
Target like this cannot be reached without the collective efforts from all the major 
industries. Those energy or carbon intensive ones such as power generation and 
manufacturing are of course at the forefront. As discussed, quite a lot has been done 
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to improve energy efficiency and reduce greenhouse gas emissions from the power 
generation industry. Energy consumption in the building sector made up 16 per cent 
of Singapore’s total primary energy demand in 2004 (NEA, 2006). Actions have also 
been taken to create a more efficient and cleaner building stock. There have been two 
major schemes developed for this purpose. One is the Green Mark scheme introduced 
by the Building and Construction Authority to recognize new buildings that were 
designed with environmentally-friendly features (BCA, 2005). The other is the 
Energy Smart Labelling Programme (offices) developed by the Energy Sustainability 
Unit (ESU) of National University of Singapore and the National Environment 
Agency (NEA). It aims to accord the best performers in existing buildings by giving 
them the label as a sign of excellence (ESU, 2006). 
 
One of the distinct features of Singapore’s hotel industry is that there are many high-
rise four or five-star hotels. Toh et al. (1997) accounted this phenomenon as a result 
of the high land cost, which has encouraged hotel developers to shun budget hotels 
and instead build luxury hotels where cash flows are more substantial. In 2004, the 
total hotel room revenue reached S$1 billion, and food and beverage revenue in those 
hotel establishments was about S$709 million (STB, 2005). Moreover, the World 
Travel & Tourism Council predicted that travel and tourism activity in Singapore will 
be growing by 6.4 per cent per annum in real terms between 2007 and 2016 (WTTC, 
2006).  
 
In contrast to the well documented and publicized economic figures, much less is 
known about the energy use conditions in Singapore’s hotel industry. There are a few 
success stories, notably the ASEAN Energy Award wining hotels, which can probably 
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be good examples to their peers. These award winning hotels all achieved over 20 per 
cent energy reduction after conducting energy retrofit, and for some, annual savings 
on utilities reached S$1 million. The only study of industry scale was conducted by 
the Asia Pacific Economic Cooperation (APEC, 1999), in which energy data was 
collected from 29 Singapore hotels together with a few other variables like gross floor 
area (GFA), number of workers. The mean energy use intensity of these hotels was 
468kWh/m2. And a simple distributional energy benchmark was developed. Since the 
survey was conducted in 1993, the energy data has inevitably become dated. In 
addition, variables contained in the APEC building benchmark database are rather 
limited; many important physical and operational characteristics are lacking.  
 
1.3 Purpose and Objectives 
 
As shown, the hotel industry makes a great contribution to the prosperity of 
Singapore’s tourism economy. Based on past studies conducted for individual hotels 
(Kinney et al., 2000, NCCC, 2006), it can be predicted that energy consumption of 
the hotel industry is likely to be significant as well. However, none of the above 
studies has drawn a relatively complete picture of energy use in Singapore hotels. Nor 
is there a similar scheme, like those discussed above, designed specifically to reward 
and encourage energy efficiency in hotel buildings. Not only in Singapore, but studies 
on energy performance of hotels in the tropics have generally been meager. The 
purpose of this study, therefore, is to bridge this gap by doing a detailed investigation 
of the energy use conditions in tropical hotels. Effective measures can subsequently 
be taken in areas where inefficiencies have been discovered. And hotel energy 
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labelling or classification programs can be set up in a similar way as those that are 
already functioning.  
 
The objectives of the study are as follow: 
 
¾ To obtain a comprehensive understanding of energy performance in tropical 
hotels by examining in detail the influences of various physical, operational 
and environmental factors to hotel energy consumption.  
 
¾ To develop a building energy benchmark using statistical regression 
techniques, with which hotels can determine their relative standings in the 
stock with respect to energy performance.  
 
¾ To gain new insights into hotel building energy efficiency by applying to the 
collected hotel data some non-traditional techniques for efficiency study, i.e. 
intelligent clustering analysis and data envelopment analysis.  
 
1.4 Scope of Study 
 
There are two common approaches adopted for building energy studies: case study 
and survey. A case study is a research strategy involving in-depth empirical 
investigation of a particular phenomenon, whereas a survey is a systematic method of 
collecting data based on a sample (Tan, 2004). In the photography analogy, they are 
like close-up and panorama; each has different emphasis and reveals different level of 
information. Hence, choosing one over the other is usually a decision resulted from 
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the study objectives. For this study, the survey strategy was adopted because the 
objective is to have a comprehensive understanding of the whole population, rather 
than that of a particular hotel building.  
 
All hotels surveyed are located in Singapore. To be more specific, the survey was 
conducted with all gazetted hotels as sampling frame, since this group contains most 
quality hotels and is believed to have the largest potential in making energy savings. 
Enlargement of the sample to include those small and budget accommodation 
providers can be part of the future work.   
 
The energy data used in this study is compiled from monthly utility bills. As far as the 
energy goes into a hotel premises, it is included in the total regardless of its end-use. 
This means energy use of hotel tenants, such as restaurants and retail shops, is also 
included. For hotels using district cooling systems, the chilled water they purchase is 
converted to the corresponding electricity used for its production and added to the 
total electricity consumption. On the other hand, energy consumption of outsourced 
services, usually laundry, is not counted. Hotels are likely to have other energy uses 
as well, such as gasoline used for hotel-owned vehicles. They are relatively trivial and 
not relevant to building energy efficiency hence not counted either.   
 
1.5 Organization of Thesis 
 
This thesis consists of six chapters. An outline of each chapter is given as follows.  
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Chapter 1 serves as an introductory text to the whole research work. It first presents 
the background of the study, with particular focus on energy use in hotels. After that, 
the purpose and objectives of conducting this hotel energy performance study are 
articulated. The scope of the study is reported next. At the end, the organization of the 
thesis is outlined, so that the reader knows what to expect in the following chapters.  
 
In Chapter 2, past research work pertaining to the current study is reviewed. It covers 
various aspects of hotel building energy performance, from the relationships of energy 
use and different hotel building characteristics, to energy conservation and retrofitting 
in hotels, and to comprehensive benchmarking systems providing equitable platforms 
for building energy performance assessment. 
 
Chapter 3 deals with the research methodology. It first discusses the sampling process, 
showing what the sampling frame is and how the required sample size is determined. 
The details of data collection, including questionnaire design, interview of hotel 
engineer and so on, are presented next. The second part of the chapter introduces 
some techniques used in doing data analysis.   
 
Chapter 4 examines the various aspects related to hotel energy performance. The hotel 
physical and operational characteristics are first reported, and their relationships with 
hotel energy use discussed. In addition, the correlation between energy consumption 
and outdoor weather conditions is presented. Also included in this chapter are issues 
like indoor thermal comfort and greenhouse gas emissions from hotels.  
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Chapter 5 presents the detailed development process of a hotel energy performance 
benchmark. A step-wise procedure is adopted to identify variables that cause 
variations in energy consumption between hotels. The “controllable” and 
“uncontrollable” factors are differentiated when choosing variables for normalization. 
Also in this chapter, a building energy classification method developed on clustering 
techniques is devised in an effort to obtain more reasonable energy classification for 
hotels. The last part of the chapter explores the data envelopment analysis (DEA), a 
technique for relative efficiency evaluation, and its application in assessing hotel 
energy efficiency.  
 
Lastly, the study is concluded in Chapter 6, which first recapitulates the research 
objectives, research design and also the main results of data analysis. Contributions 
made by the study are then presented; agreements as well as disagreements with 
previous research work are noted. In addition, the chapter also discusses the 
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CHAPTER 2 LITERATURE REVIEW 
 
This chapter reviews research work pertaining to the current study. It covers various 
aspects of hotel building energy performance, from the relationships of energy use 
and hotel building physical characteristics, to energy conservation and retrofitting in 
hotels, and to comprehensive benchmarking systems providing equitable platform for 
building energy performance comparison.    
 
2.1 Hotel Buildings are Energy Intensive 
 
Studies in many countries revealed that hotels are one of the most energy intensive 
building categories. Santamouris et al. (1996) collected energy consumption data 
from 158 Hellenic hotels and estimated the energy saving potential which could be 
realized if practical retrofitting techniques, materials or energy efficient systems are 
applied. The annual average total energy consumption in those hotels was 273kWh/m2. 
By contrast, the annual energy consumption in office and school buildings was only 
187kWh/m2 and 92kWh/m2 respectively. Bohdanowicz et al. (2006) conducted a 
study of resource consumption in 184 Hilton and Scandic hotels in Europe, and mean 
energy consumption indicators of 364kWh/m2 and 285kWh/m2 were reported for the 
two hotel groups. The U.S. Energy Information Administration’s CBECS 
(Commercial Building Energy Consumption Survey) database shows that the mean 
energy consumption of 158,000 U.S. lodging buildings was 402kWh/m2 
(127.3kBtu/ft2) in 1995. In Canada, Zmeureanu et al. (1994) investigated the energy 
performance of 19 Ottawa hotels and found their mean energy use intensity to be 
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612kWh/m2. A project carried out as a partnership between the Australian Department 
of Industry, Tourism and Resources and the Australian Hotels Association surveyed 
around 50 Australia hotels. Separate benchmark indicators of best practice 
performance were proposed for accommodation and business hotels, which were 
208kWh/m2 and 292kWh/m2 (Australian Government, 2002). Deng et al. (2000) 
reported an average energy use intensity of 564kWh/m2 in 16 Hong Kong hotels. 
Another study conducted in 36 Hong Kong hotels found the average energy use 
intensity to be 542kWh/m2 (Deng, 2003). These studies were conducted either in cold 
or temperate climates; research on energy performance of hotels in the tropics has 
been relatively rare. However, the finding in hotels in tropical Singapore is generally 
comparable to that made in sub-tropical Hong Kong hotels. The APEC Energy 
Benchmark database contains energy consumption data from 29 Singapore hotels. 
The energy use intensity of those hotels averaged 468kWh/m2 (APEC, 1999).   
 
2.2 Hotel Building Physical and Operational Characteristics 
 
Hotels differ from other commercial buildings in many aspects, some of which are 
closely related to their distinct energy use patterns. Unlike office buildings where 
space usage is relatively homogeneous, hotels usually encompass multiple functional 
areas, and some of these areas may have very different energy needs. While most 
commercial buildings have fixed operating hours, it is sometimes not possible to 
define unambiguously the operating hours of a hotel. This is especially true in high 
class hotels, for instance, restaurants may close, say, at 11pm, but guestroom services 
will continue, and some public spaces like lobby are lighted and conditioned around 
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the clock. All of these factors can add to the complexities of energy use patterns in 
hotels. 
   
2.2.1 Diverse functional areas 
 
Bohdanowicz et al. (2001) described hotels as the architectural combination of three 
distinct zones: guest room area, public area and service area, all serving distinctly 
different purposes. The guest room area is comprised of individual spaces with 
varying energy loads. The public area, such as reception hall, lobby, restaurants, are 
spaces having high rate of heat exchange with the outdoor environment and high 
internal loads. The service area (kitchens, laundry etc.) is often energy intensive and 
requires advanced air handling facilities.  
 
Zmeureanu et al. (1994) made a breakdown of the floor areas in 16 Ottawa hotels. It 
was found that guest rooms cover, on average, 85 per cent of the total floor area, 
which is followed by convention centers, with 5 per cent of the entire floor space. For 
the rest area, restaurants cover 3 per cent, and retail stores and swimming pools each 
has 1 per cent share of the total floor area. The energy efficiency study in Australia’s 
hotel industry used allocation of floor area as one of the criteria to define hotel 
categories. Those in the “business hotel” category must have significant areas for 
functions, dining and entertainment; whereas restaurants, bars and function rooms 
only occupy a relatively small proportion of the total floor area in “accommodation 
hotels” (Australian Government, 2002). The difference of energy use intensity 
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between those two hotel categories demonstrated that, among other factors, allocation 
of floor area in a hotel may have significant effect on its energy use.   
 
2.2.2 HVAC and thermal comfort 
 
One of the important control principles for HVAC system energy conservation is to 
run equipment only when needed. In hotels, this means strict scheduling to make sure 
that each HVAC system operates only when the area it serves is in use (Wagner, 
1986). If a hotel is to follow this principle, it should shut off air conditioning in rooms 
when they are not occupied in order to save energy. But in reality, this is not always 
feasible, especially in hotels located in hot and humid climates. To give an example, 
hotels in Cairns, Australia usually have much lower occupancy during the wet season, 
but to retard the growth of indoor moulds, air conditioning is continuously supplied to 
the unoccupied rooms (Warnken et al., 2005). 
 
The fan coil system allows a great degree of flexibility, which is preferred in 
relatively small spaces that need individual controls. Therefore, it has virtually 
become the default air conditioning system used in hotel guest rooms. On the other 
hand, public areas such as lobbies and restaurants need systems of larger capacity and 
hence are usually served with air handling units (AHUs). Hotel energy studies in 
Hong Kong, Ottawa and Cyprus have all reported the use of fan coil units (FCUs) in 
guest rooms and AHUs in public areas (Deng et al., 2000, Zmeureanu et al., 1994, 
Papamarcou et al., 2001). An energy audit performed in a five-star Singapore hotel 
also identified the use of fan coil system in guest rooms. The fan coil units receive 
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chilled water directly from the central plant, and they also get cool dry air supplied by 
the makeup air handling units located on top of the roof (Kinney et al., 2000).  
 
Amongst the six environmental and personal factors affecting thermal comfort, air 
temperature is most frequently cited. However, cautions must be taken not to confuse 
air temperature with thermal comfort, since it should always be considered in relation 
to the other factors. In hotel energy studies, set point or measured air temperature is 
sometimes reported, but rarely are other factors like relative humidity and air velocity. 
Zmeureanu et al. (1994) reported the mean set point temperature of 21.5 degree C in 
Ottawa hotels. Deng et al. (2000) made temperature measurement in Hong Kong 
hotels, and found that indoor air temperature in most hotels was lower than 23 degree 
C. The study conducted by Trung et al. (2005) in Vietnam hotels discovered relatively 
higher temperatures ranging from 24 to 26 degree C.  
 
Reporting on air temperature as well as other environmental factors can probably 
show the general satisfaction level of indoor thermal comfort, but it reveals no 
information about the its relationship with energy consumption. Santamouris et al. 
(1996) tried to correlate thermal comfort with energy consumption in Hellenic hotels. 
The employees of the surveyed hotels were interviewed with regard to their responses 
on the overall thermal comfort conditions. The findings showed that hotels 
characterized as thermally satisfactory had higher average annual energy consumption 
than those with unsatisfactory thermal conditions. This indicates that reduction of 
energy use in hotels may run the risk of sacrificing the overall thermal comfort in 
them.   
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2.2.3 Energy consumption and occupancy 
 
Intuitively, many would expect that a building’s energy consumption is influenced by 
its occupancy rate, but most studies have not shown any clear relationship between 
energy consumption and occupancy rate. Deng et al. (2000) plotted energy use 
intensity against the annual average occupancy rate of 16 Hong Kong hotels, and no 
clear relationship could be established. Correlations between energy consumption and 
occupancy rate in New Zealand’s B&B and backpacker establishments were found to 
be statistically significant, though the R2 were generally low. However, that was not 
the case for hotels, where no significant relationship could be observed (Becken et al., 
2001). Similarly, no straightforward relationship between occupancy rate and energy 
consumption was identified in the Australia hotels, which led to the tentative 
conclusion that with room occupancy rates of between 70 per cent and 100 per cent, 
occupancy rate has little influence on the energy consumption of hotels, and energy 
intensity only starts to drop off when occupancy rates fall below 70 per cent 
(Australian Government, 2002). The fact that there is no established statistical 
relationship between energy use and occupancy rate was also noted by Reddy et al. 
(1997), when the researchers proposed models to baseline facility-level energy use.  
 
However, there are also studies which established statistical relationship between 
energy consumption and occupancy rate in individual hotels. A study conducted in 
Hong Kong by Deng et al. (2002) postulated a regression model that correlates a 
hotel’s monthly total electricity consumption with two independent variables: outdoor 
air temperature and number of guests. The high R2 of 0.93 indicates a strong 
correlation. In addition, by comparing the standardized coefficients of the two 
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independent variables, conclusion was made that outdoor air temperature is about four 
times more significant than number of guests in affecting the total electricity use in 
that hotel. Papamarcou et al. (2001) identified an exponential relationship between 
monthly electricity consumption and number of guests in a five-star Cyprus hotel. The 
regression model postulated accordingly fits the data very well, with an R2 of 0.95. 
Furthermore, the researchers also estimated the base load in that hotel with the 
established model.     
 
2.3 Energy Use in Hotels 
 
As discussed earlier, hotels usually encompass multiple functional areas that may 
have very different requirements on energy use. Therefore, energy in a few different 
forms (e.g. electricity, diesel, and LPG) is often needed in a hotel. On the other hand, 
a single energy source is sometimes used for multiple tasks, for example, electricity 
for lighting, air conditioning as well as many other functions. To summarize, these are 
issues about the fuel mix in a hotel and breakdown of total energy consumption into 
end-uses.   
 
2.3.1 Fuel mix 
 
The fuel mix of a building is largely determined by the climate it is located in. 
Generally, buildings in cold climates will consume more gas or oil for heating, while 
their counterparts in the tropics may need more electricity for cooling. However, 
variations also exist between buildings in identical climates, often due to the 
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difference in business activities and the management’s differing choices when it 
comes to alternatives.  
 
The Ottawa hotels surveyed by Zmeureanu et al. (1994) used three different source 
types of energy; electricity and gas accounted for 36 per cent and 51.5 per cent of the 
total energy demand respectively, with the rest supplied by steam. The percentage of 
total energy consumption delivered in electrical form is much higher in Hong Kong 
hotels, 73 per cent of the total (Deng et al., 2002). A study of hotels in New Zealand 
made a similar finding with that made in Hong Kong, which shows that electricity 
accounts for over 70 per cent of the total energy consumption (Becken et al., 2001). In 
Australia hotels, electricity makes up 66 per cent of the total energy use, which is 
followed by the 25 per cent contributed by natural gas. The other two fuels, namely 
LPG and diesel, each represents 6 per cent and 1 per cent of the total energy 
consumption respectively (Australian Government, 2002). Hotels in Vietnam use 
electricity, LPG and diesel, but the proportions of different fuels vary from one hotel 
type to another. Electricity has relatively lower percentages of the total energy 
consumption in resort and 4-star hotels, 66 and 76 per cent respectively, whereas the 2 
and 3-star hotels depend almost fully on electricity to meet their energy needs, which 
contributes over 90 per cent of the total energy demand (Trung et al., 2005). A 
possible reason is that high class hotels accommodate more activities in restaurants, 
laundry rooms, spas, and so on, which accordingly need more diversified energy 
sources. The fuel mix of a hotel located in a specific country or city is determined by 
many factors, among which the government’s energy policy, regulations on estate 
development, and the local climatic conditions probably impose the greatest influence.     
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2.3.2 Breaking down of energy consumption 
 
Like other commercial buildings, hotels need energy to power HVAC, lighting, 
vertical transportation and etc. Moreover, their distinct features and functional 
requirements often bring about extra energy needs. The Cairns Hilton in Australia 
provided very detailed breakdown of energy consumption in seven end-use categories, 
among which space cooling and domestic hot water dominate, accounting for 37.4 per 
cent and 22.2 per cent respectively. Two functions specifically accommodated in 
hotels, laundry and kitchens, use 17.5 per cent and 13.5 per cent of the total energy 
supply (Australian Government, 2002). The percentage breakdown of total electricity 
use in 16 Hong Kong hotels shows that air conditioning, on average, accounts for 45 
per cent of the total electricity consumption; lighting has the second largest chunk of 
17 per cent, which is followed by the 7 per cent of vertical transportation (Deng et al., 
2002). Electricity breakdown of hotels in Vietnam shows some variations among 
different hotel categories. There is not much difference in energy use for air 
conditioning and ventilation, which varies between 46 per cent and 53 per cent of the 
total energy consumption. But high class hotels appear to have more generous lighting 
provision; lighting energy only accounts for 13 per cent of the total in 3-star hotels, 
while it is 26 per cent in 4-star hotels (Trung et al., 2005).  
 
Breaking down a hotel’s total energy consumption into end-uses can help understand 
where the energy is being consumed in the hotel. By doing so, the hotel management 
is able to keep track of the efficiency of sub-systems. In the event when certain 
systems fail to perform, corrective measures can be directed quickly to where they are 
needed. However, unless a hotel has sub-meters installed for every major energy 
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consuming system, or a building management system (BMS) with sophisticated 
energy monitoring and management functions is in place, substantial costs for labor 
and equipment are needed to carry out such detailed data collection, since all the 
major energy consuming systems need to be monitored for a considerably long period 
of time so as to obtain reliable data.    
  
2.4 Energy Conservation and Retrofitting in Hotels 
 
Reducing energy use in hotels through implementation of energy conservation 
measures or by carrying out energy retrofitting projects can bring many benefits. But 
the first and probably utmost reason for many hotels to take such actions is their 
financial interests. Knowles et al. (1999) conducted a detailed survey of 
environmental management practices in 42 London hotels. When asked to name the 
strategies adopted in reducing resource consumption, the most frequently cited one by 
the surveyed hotels is reduction of energy consumption. The researchers pointed out 
that because energy conservation is strongly associated with financial benefits, this 
may have been the main impetus behind their energy conservation efforts. As 
discussed previously, energy conservation in hotels also brings environmental benefits 
manifested by less greenhouse gases as well as other undesirable emissions. Therefore, 
it makes contributions towards the abatement of the global warming phenomenon and 
also helps ameliorate our immediate living environment.  
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2.4.1 XENIOS methodology 
 
The XENIOS methodology was developed within the framework of an Altener 
European project (Dascalaki et al., 2004). Addressed to hoteliers, technical managers, 
engineers and architects interested in renovating and refurbishing hotels, this 
methodology permits them to perform a preliminary hotel audit and make a first 
assessment of cost-effective energy efficient renovation practices, technologies and 
systems. The building to be assessed with this methodology is firstly organized into 
several discrete “macro-elements” corresponding to spaces with different uses and 
operation schedules (such as hotel rooms and restaurants) and technical premises and 
systems (such as air handling system and cooling). Each macro-element is further 
organized into “elements” such as cooling terminal units, which will be rated 
according to their stage of deterioration with some predefined standards. The audit 
results allow identification of specific problems of a hotel building and the areas 
where retrofit interventions are required. Following that, energy conservation 
potential of specific interventions targeting the identified problems is assessed. In 
addition, the methodology and its software also address some other issues like 
assessment of a hotel’s environmental impact, cost and payback period of different 
refurbishment scenarios.  
 
2.4.2 Energy conservation and retrofitting in cooling 
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As can be seen in the energy use breakdown, air conditioning often accounts for the 
largest percentage of total energy demand in hotels. Not surprisingly, the largest 
energy saving potential is often found in this area.  
 
After auditing a flagship hotel in Southeast Asia, the consulting engineers estimated 
an annual reduction in utility costs of about 1 million Singapore dollars through 
retrofitting mainly the hotel’s cooling system. They brought to the project the concept 
of “whole system approach”, which basically means using the retrofit as an 
opportunity to redesign the system and bring it in line with the current state-of-the-art 
technology, rather than focusing on the optimization of individual components 
(Kinney et al., 2000).    
 
Santamouris et al. (1996) suggested that, when considering the options for reducing 
hotel cooling energy consumption, one should start from the outdoors, through the 
building envelop and finally move inside the building and its systems. The suggested 
measures include planting vegetation to provide shading, employing natural cooling 
techniques, using ceiling fans and so on. The simulation results in Hellenic hotels 
show great potential in reducing cooling energy; for example, energy consumed for 
cooling in the surveyed hotels can be reduced by 56 per cent if night ventilation 
techniques are used.  
 
Nevertheless, it should be well aware that some of those promising techniques viable 
in Mediterranean hotels may turn out to be totally inapplicable to hotels in a different 
climate, say the tropics. Even for the applicable ones, it is possible that their energy 
saving potential cannot be fully realized due to the constraints in real conditions.  
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2.4.3 Energy savings in lighting 
 
The fast development of lighting technology often makes existing installations 
lagging behind the cutting edge. On the other hand, this offers great opportunities for 
energy savings, especially in buildings with intensive lighting provision.  
 
By converting to energy-efficient lighting, the Forte Crest hotel in the UK reduced its 
lighting energy costs by 45 per cent and regular lamp replacement costs by 85 per 
cent (Kirk, 1995). Success stories of building lighting system retrofitting are 
commonplace. Khemiri et al. (2005) reported that, after making use of new lamps, 
about 80 per cent of lighting energy was saved in a 3-star Tunisia hotel. Busch et al. 
(1993) conducted computer simulations for a prototypical Thailand hotel to predict 
the energy saving potential by modifying its lighting system. The proportions of 
fluorescent and incandescent lamps installed in the base case building were 30 per 
cent and 70 per cent (by total installed wattage). The simulation results showed that 
68 per cent of the lighting energy consumption could be saved if all incandescent 
lamps installed in the hotel were replaced with compact fluorescent lamps (CFLs). 
Besides, the reduction in lighting energy consumption would bring about substantial 
decrease of energy use for cooling and ventilation. Therefore, more benefits in terms 
of energy saving could be reaped, and this would result in a very favorable payback 
period of less than one year.  
 
However, since many proposed retrofitting measures for the hotel lighting system 
involve replacement of incandescent lamps with compact fluorescent lamps, cautions 
must be taken when making such retrofitting proposals. The risk of sacrificing 
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perceived quality of environment in hotels can often make hotel managers reluctant to 
accept these new technologies. 
 
2.5 Weather Conditions and Hotel Energy Consumption 
 
Buildings experience different weather conditions depending on the climate zones 
they are in. To maintain the same level of indoor comfort, those in very cold or hot 
climates usually need more energy for heating or cooling than buildings in more 
temperate climates. In some cases, the same building also goes through very different 
weather conditions; in subtropical regions, for instance, a building may have both cold 
winters and hot summers, hence heating and cooling in two seasons.  
 
Contradicting to the commonsense that climate influences building energy 
consumption, a study in Australia hotels showed that climate has very little effect, 
since hotels located in different climates do not differ significantly in energy use 
intensity (Australian Government, 2002). No account was given to explain this 
finding. The researchers simply noted that the same characteristic of hotels was 
observed in New Zealand Commercial Building Energy Survey: HOTELS. It is 
probably because the small sample couldn’t represent the whole population, thus 
failed to reveal the true relationship. Another possible reason is that, although the 
hotels are from three climate zones, namely hot humid, temperate and cool, they are 
all located along the coast and the difference in climatic conditions is actually not 
very substantial.  
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The study conducted by Deng et al. (2002) in a Hong Kong hotel showed very good 
match between monthly electricity use and the corresponding monthly mean outdoor 
air temperature. When the air temperature reached its peak in June, electricity 
consumption in the hotel was the highest. In parallel, February saw the lowest mean 
air temperature and also the lowest electricity consumption. Nevertheless, the study in 
Swedish hotels generated mixed results. Five hotels showed significant negative 
correlations between temperature and electricity consumption, one hotel showed 
significant positive correlation, and the rest three showed no significant correlation 
(Noren et al., 1998). Besides, the R2s are generally poor, except for two hotels with 
partial electrical heating. The researchers hence concluded that no general rule can be 
determined for predicting how electricity consumption depends on outdoor 
temperature.  
 
2.6 Building Energy Benchmarking 
  
Among the various definitions of building energy benchmarking, the one given by 
Bloyd et al. (1999) probably has the clearest statement of its purpose, which says 
“benchmarking can be viewed as the first step in understanding and setting goals for 
energy efficiency improvements in buildings”. In short, benchmarking helps 
understand current performance and set achievable goals for improvements. This 
process generally involves comparing a building’s energy performance with that of 
the others. Therefore, devising a mechanism for equitable comparison is often the key 
issue in benchmarking.  
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2.6.1 Approaches for building energy benchmarking  
 
Methodology used in benchmarking building energy efficiency has largely been 
standardized, but there are also variations introduced by researchers to accommodate 
uncommon cases. Sharp (1996) has summarized the most commonly used energy 
benchmarking approaches: averages, medians, simple ranking and normalized ranking. 
Averages are often reported and cited in literature to allow quick comparisons of 
energy efficiency among similar buildings. It can be deemed as the most 
straightforward benchmark. However, cautions must be exercised when an average is 
used as benchmark, since individual buildings with excessive energy use intensity 
may have disproportional influence on the average, especially when the sample is 
small. Medians are less sensitive to extremes, but like averages, information conveyed 
by such a benchmark is rather limited; energy efficiency of a building is either above 
or below the benchmark.   
 
Ranking buildings based on their energy use intensity provides a more informative 
benchmark. Very often, energy efficiency of individual buildings in relation to the 
whole comparison group (rather than an average or median) is presented in a 
cumulative distribution curve. Performance above the first quartile is termed “Good 
Practice” and hence sets target for other buildings to emulate (Bordass, 2005). 
Benchmarking systems of this type include Cal-Arch, the web-based California 
commercial building energy benchmark (Kinney et al., 2003), and the APEC energy 
benchmark for non-U.S. hotels (Bloyd et al., 1999).  
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However, a simple ranking can mask the functional and operational differences that 
often exist between different buildings, which results in some buildings unreasonably 
penalized while others given undeserved high grades. For example, hotels having high 
occupancy rates will be penalized if compared directly with those having much lower 
occupancy. These factors influence energy consumption but are often inflexible. In 
other words, it is often beyond the management’s ability to make efficiency 
improvements through amending such factors. Therefore, to make comparisons 
among buildings fairer and more meaningful, these factors need to be normalized. The 
usual practice is to collect a list of such potential “drivers” of energy consumption 
from buildings, and then apply regression techniques to identify the statistically 
significant factors for normalization (Sharp, 1998).  
 
In addition to the mainstream, there are also some other benchmarking approaches. A 
customized benchmark, as has been discussed by Cohen et al. (2006), can take 
account of individual areas or energy end-uses. Hence, they will allow the most 
meaningful and fairest assessments of a building’s energy use. The CIBSE building 
energy benchmarks were constructed in such a way. “Good Practice” and “Typical 
Practice” values are given for totals, but also for building components and end uses 
(CIBSE, 2004). Not surprisingly, such benchmarks are very rare at present.  
 
Model-based benchmarking, as the name indicates, establishes energy consumption 
benchmarks by using mathematical models. The principle is to construct a benchmark 
that represents the minimum amount of energy required to meet a set of basic 
functional requirements of the building. The ratio of the benchmark to the actual 
consumption can be an effectiveness metric, which enables energy performance of 
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buildings to be compared, even if they are with dissimilar features and functional 
requirements (Federspiel et al., 2002).  
 
2.6.2 Hotel energy benchmarking 
 
Customized and model-based benchmarks can be very powerful tools. However, 
enormous time and resources are often needed to establish such benchmarks, which 
can become big obstacles in real applications. Regression-based benchmarking needs 
less detailed data, but can effectively tackle a few problems inherent in some of the 
above benchmarking approaches. Hence, it has been adopted in many benchmarking 
systems. The following are only two of them.       
 
2.6.2.1 Energy Star hotel benchmark 
 
Recognizing the importance of energy efficiency, the U.S. Environmental Protection 
Agency (EPA) established the voluntary Energy Star program in 1992, and has 
partnered with the Department of Energy (DOE) since 1996 to increase the 
nationwide use of energy-efficient products and practices. The program has proved to 
be a great success in promoting energy efficiency. In 2005 alone, 150 billion kilowatt 
hours (kWh) of energy or 4 per cent of the total 2005 electricity demand was saved 
with the help of Energy Star. In the building sector, more than 2,500 buildings have 
earned the Energy Star label for superior energy and environmental performance. On 
average, these buildings consume about 40 percent less energy than typical U.S. 
buildings, while providing the required comfort and services (U.S. EPA, 2005).    
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The Energy Star program used different databases to develop benchmarks for 
different building types. The hotel/motel benchmarking used the Hospitality Research 
Group’s (HRG) Trends in the Hotel Industry database. A total of 705 buildings were 
selected from the original 2,915 records contained in the database, each of which was 
identified as being in one of the five different amenity categories: Upper Upscale, 
Upscale, Midscale with Food and Beverage, Midscale without Food and Beverage, 
and Economy. Firstly, based on national conversion factors, energy uses in hotels 
were converted to source (primary) energy consumption regardless of their energy 
forms. Next, regression models were established for every amenity category with this 
annual source energy consumption as dependent variable. The independent variables 
were identified using a stepwise procedure and include number of rooms, total heating 
and cooling degree-days, and presence or absence of food facility. Depending on the 
hotel amenity group, a regression model may include two or all of these independent 
variables.  
 
To benchmark a hotel’s energy performance, its annual source energy consumption 
should be first weather normalized to factor out the year-to-year differences in 
weather conditions. The second step involves further adjustments to the weather 
normalized energy consumption using the corresponding regression model, as a 
means of normalizing for the level of business activity. Lastly, the hotel energy use 
intensity so obtained is compared with a table of Energy Performance Rating (EPR). 
As a result, the benchmarked hotel will have a percent rating representing its relative 
standing in the peer group (U.S. EPA, 2005).  
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There are a few important issues worth noting in the Energy Star hotel/motel 
benchmarking. Firstly, development of separate benchmark models for every amenity 
group has probably reduced independent variables that would otherwise be needed to 
account for the inter-group differences. In practice, this makes the models easy to use. 
Furthermore, it may also assure the benchmark users that comparisons are made with 
the most similar hotels, which can be a psychological advantage. Secondly, 
logarithmic transformation was made to both dependent and independent variables to 
obtain more symmetric data distribution. This has effectively prevented a few 
extremes from dominating the statistical relationship. Thirdly, the Energy Star 
hotel/motel model did weather normalization based on a regression model correlating 
hotel monthly electricity consumption with the corresponding monthly average 
outdoor temperature. However, problems may arise if the model parameters are found 
to be insignificant, which is very likely to happen if month-to-month temperature 
changes are not large, and there are more dominating factors contributing to the 
variations of energy consumption in a hotel.  
 
2.6.2.2 APEC energy benchmark system  
 
The APEC energy benchmark system used the U.S. Energy Information 
Administration’s 1992 CBECS database as its data source. It also incorporated hotel 
energy data from three other APEC economies, namely Hong Kong, Singapore and 
Chinese Taipei, but their benchmarks were developed separately. A total of 158 hotel 
buildings extracted from the CBECS database were analyzed to determine the drivers 
of energy use in these U.S. hotels. Among over 600 individual building variables 
contained in the 1992 CBECS database, a subset of 81 was selected as candidates of 
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the energy drivers. They include variables that describe building function and use, 
building construction, heating and cooling equipment, fuels used, fuel end uses, 
existing energy-efficient technologies, electric demand patterns, and so on. Unlike the 
Energy Star hotel/motel benchmark, which had the total source energy consumption 
as dependent variable when regression was performed, the APEC energy benchmark 
system adopted a two-step strategy. Firstly, the total source energy was regressed 
against the primary energy driver, i.e. gross floor area, to construct the total energy 
use intensity (EUI), expressed in kBtu/ft2. The second step involved correlating EUI 
to the secondary drivers through a stepwise linear regression procedure. The final 
regression model identified three significant variables, floor area per lodging room, 
number of workers per square foot, and presence or absence of electricity demand 
metering. For the hotel energy data collected from other APEC economies, similar 
regression analyses were not carried out due to limited data availability. But the data 
from Hong Kong and Chinese Taipei all showed significant correlations between EUI 
and worker density, which is consistent with the findings in the U.S. hotels (Bloyd et 
al., 1999).   
 
Although both are regression-based benchmarks, the APEC hotel energy benchmark 
system differs from the Energy Star hotel/motel benchmark in many ways. The most 
obvious difference probably lies in the data sources they used, which has been 
discussed already. Secondly, the Energy Star benchmarking categorized hotels and 
developed separate benchmarking models for each category, but the APEC 
benchmark mixed all hotels together and hence a single regression model covered all. 
In addition, heating degree-days and cooling degree-days, which were among the 81 
variables subject to the stepwise selection procedure, failed to enter the final 
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regression model in the APEC benchmark, whereas most Energy Star hotel/motel 
models had the total heating and cooling degree-days as one of the independent 
variables.  
 
2.6.3 Hotel environmental performance benchmarking 
 
There are also some hotel environmental benchmarking programs, in which energy 
consumption is often included as one of the many indicators of a hotel’s 
environmental performance. The most renowned ones among these benchmarking 
systems are probably Benchmarkhotel and Green Globe 21; both are well established 
in the hotel industry. These two programs are discussed briefly as follows, with the 




Benchmarkhotel is an internet-based environmental benchmarking tool developed by 
the International Hotels Environment Initiative (IHEI) in conjunction with WWF-UK. 
The benchmarking scheme is available for three types of hotels (luxury full-service, 
mid-range full-service, small and budget) in three climate zones (temperate, 
Mediterranean and tropical). Hotels to be benchmarked are expected to match the 
given characteristics; otherwise the benchmarking results will not be accurate. The 
information required for benchmarking is organized in 6 modules: hotel profile and 
operation characteristics, energy management, potable water consumption, waste 
minimization, waste water quality, and green purchasing.  
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The energy management module needs input of total energy consumption and energy 
costs for a period of 12 months. And the energy use indicator is developed 
accordingly (Bohdanowicz et al., 2005). As shown, it is rather crude compared to the 
hotel energy benchmarking systems discussed earlier. The benchmarking report will 
show a hotel’s resource consumption against that of the peer group in a grade system 
varying from “Excellent” to “Excessive”. Hence, the benchmarked hotel gets to know 
its relative standing with regard to the consumption of a particular resource; 
meanwhile, the saving potential can also be predicted by comparing the current level 
with the benchmark. 
 
2.6.3.2 Green Global 21 
 
The Green Globe 21 scheme is one of the first self-regulation systems and currently 
the most widely recognized initiative within the travel and tourism industry 
(Bohdanowicz et al., 2005). Performance indicators and benchmarks have been 
developed and are continuously updated for a large number of sectors. Some of the 
core indicators for the accommodation sector are very similar to those in the 
Benchmarkhotel, including energy consumption, potable water consumption. Others 
are quite different, such as chemical use and presence of sustainability policy (Green 
Globe, 2006).  
 
In view of the influence climatic conditions have on a building’s energy consumption, 
the “Baseline” and “Best Practice” levels are varied according to the climate in which 
an enterprise is located. While Benchmarkhotel defined three climate zones: 
temperate, Mediterranean, and tropical, Green Globe removed the potential ambiguity 
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of this definition by introducing in the climate zone categorization the concept of 
extreme temperature of a country or region. For instance, a region will qualify for the 
high energy demand category if it has either very extreme winters (coldest month of 
the year temperature less than 0 degree C), or summers (hottest month of the year 
temperature higher than 27 degree C). Another important issue in Green Globe is it 
requires the reporting of renewable energy used in buildings. However, all energy 
consumption irrespective of source is counted when estimating an enterprise’s annual 
energy consumption. It is argued that the goal is to encourage a philosophy of energy 
consumption minimization, but actually the benefits of using renewable energy 
sources will be commendably reflected in the reduced greenhouse gas production, 




In this chapter, the author has reviewed previous studies on hotel building energy 
performance. The factors related to energy use in hotels are discussed one after 
another, which is followed by issues concerning hotel energy conservation and 
retrofitting. Besides, the author has also discussed the effect of weather conditions on 
energy consumption in hotels. The last part reviews hotel energy and environmental 
performance benchmarking; some of the major benchmarking systems are 
summarized and pros and cons compared.  
 
The hotel industry is an energy intensive sector. Through literature review, it is 
understood there are many factors contributing to high energy consumption in hotels 
and the variations of energy use between hotels. Even these factors are identified, the 
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ways they affect hotel energy use may not be clear, and sometimes findings from 
different studies have apparent contradictions. This indicates that results from one 
study cannot be borrowed to apply in another directly, especially if their study objects 
are in very different locations. Currently, there has not been much work done on 
energy performance of hotel buildings in the tropics. Therefore, conducting a 
comprehensive study to identify the energy drivers in tropical hotels and make clear 
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CHAPTER 3 RESEARCH METHODOLOGY 
 
This chapter deals with the research methodology of the study. The author starts with 
discussing issues regarding the sampling process, and then moves on to the details of 





The purpose of a survey is to capture the main characteristics of the population at any 
instant or monitor changes over time (Tan, 2004). Hence, proper design of the 
sampling process is very important to make the resulting sample representative of the 
population.  
 
3.1.1 Population and sampling frame 
                                                                                                                                                                  
The Hotels Licensing Board of Singapore (2005) has given a very detailed definition 
of “hotel”, which is reproduced here.  
  
"Hotel" includes a boarding house, lodging-house, guest-house and any building or 
premises not being a public institution and containing not less than 4 rooms or cubicles 
in which persons are harboured or lodged for hire or reward of any kind and where 
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any domestic service is provided by the owner, lessee, tenant, occupier or manager for 
the person so harboured or lodged. 
 
This is a rather broad definition, and covers almost all lodging facilities including 
even backpacker hostels. At the time when the survey was conducted, there were a 
total of 221 so defined hotels registered with the Hotels Licensing Board (HLB, 2005). 
This whole population can be divided into two groups, namely gazetted and non-
gazetted hotels, according to whether a cess is collected. For those hotels gazetted 
under the Singapore Tourism (CESS Collection) Act Cap 305C, there is an imposition 
of 1 per cent tax, which is not imposed on non-gazetted hotels (STB, 2005).      
 
Although gazetted hotels constitute less than half of the hotel population (102 out of 
221), they supply over 82 per cent of the total available hotel rooms, and almost all 
the quality hotels are in this group (STB, 2005). By contrast, non-gazetted hotels are 
usually small and of low quality, most aimed at providing basic accommodations to 
budget travelers. The group of gazetted hotels was chosen as the sampling frame of 
this study; enlargement of the scope to include non-gazetted hotels can probably be 
part of the future work.   
 
3.1.2 Determining sample size 
 
According to Tan (2004), the trade-off between cost and precision in determining 
sample size may be derived using the Central Limit Theorem. It states that as sample 
size (n) increases, the sample mean ( X ) approaches normal distribution with mean µ 
and variance σ2/n. Thus, if S is the sample estimate of σ, then 





μ−=                                (3.1) 
follows the standard normal distribution, that is, Z ~ N (0, 1). After some rearranging, 
 
EXnZSX ±=±= /μ         (3.2) 
 
where 
nZSE /=                                (3.3) 
or 
222 / ESZn =                             (3.4) 
 
where 
Z – Z value from the standard normal distribution table, at the required 
confidence level (e.g. 90 per cent) 
E – specified level of precision. 
 
Nevertheless, it was noted by Levine (2002) that when the sample size is not small in 
relation to the population (e.g. more than 5 per cent of the population is sampled), a 
finite population correction factor should be applied. 
 
In that case, the sample size needs to be adjusted as follows: 
 
)1(1 −+= Nn
nNn           (3.5) 
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where 
n – sample size determined without taking account of the finite population 
correction factor 
N – population size. 
 
Since S is unknown prior to the survey, Tan (2004) suggested that one-sixth of the 
data range can be used as an estimate of the standard deviation. However, there are 
cases, in which even the data range is unknown; therefore it has to be determined 
arbitrarily based on the surveyor’s past experience. For this study, both the standard 
deviation and level of precision are determined by referring to the past research work. 
The APEC benchmark database contains energy data of 29 Singapore hotels. The 
mean and standard deviation of their energy use intensity (EUI) are 468kWh/m2 and 
142kWh/m2 respectively (APEC, 1999). Therefore, this standard deviation is used to 
estimate the required sample size, and the level of precision E is determined 
arbitrarily as one-tenth of the mean, i.e. 46.8kWh/m2. Following the procedure 
described above, the sample size can be estimated as follows. 
 
If a 95 per cent level of confidence is required,  
 
358.4614296.1/ 222222 =÷×== ESZn  
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If the level of confident is reduced to 90 per cent, 
 
258.46142645.1/ 222222 =÷×== ESZn  
 










As can be seen in the APEC data, the degree of dispersion of hotel energy use 
intensity is quite large. This indicates that a considerably large sample will be needed 
if the level of precision required is very high. In reality, it is not always feasible due to 
the constraints in available resources and data accessibility. Therefore, a reasonable 
precision level, i.e. 46.8kWh/m2, was chosen for the study, which is believed to be 
both acceptable and achievable. After the sampling frame and desired sample size are 
determined, the next step would be the detailed work of data collection.  
 
3.2 Data Collection 
 
The survey was conducted with a carefully designed questionnaire complemented by 
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Before commencement of data collection, a questionnaire was designed, which covers 
various aspects pertaining to a hotel’s energy performance. The data needed for this 
research work was determined through reviewing past studies of similar objectives. It 
was acknowledged that a very long questionnaire with many details is likely to deter 
some hotels from participating in the survey. On the other hand, a very short one will 
inevitably fail to collect the necessary data. Therefore, the principle is to keep it 
succinct but still able to grasp the essentials. Ultimately, the questionnaire was 
finalized as a result of careful evaluation of these factors.  
 
The questions asked revolve around hotel energy use, and they are contained in five 
sections: physical characteristics, operational characteristics, building energy use, 
building services, and indoor environment. The first two sections contain factors that 
may affect energy use in buildings; some are generic, such as year of construction and 
occupancy rate, while others are specific to hotels, e.g. laundry and swimming pool. 
The surveyed hotels are asked to provide two years of monthly energy data, 
separating different energy sources such as electricity and gas. The section on 
building services is mainly about chiller plant and the corresponding operation 
schedule, but also includes a question on lighting provision. The last section is meant 
to identify whether there is any noticeable relationship between hotel energy use and 
indoor environment quality.  
 
When it comes to questionnaire dissemination, there are many ways to choose from, 
among which post is often deemed as a more formal means than the others. The 
questionnaire was first sent to all gazetted hotels by post. A letter addressed to the 
hotel’s general manager was enclosed along with it, which helps explain the purpose 
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and objectives of doing the survey. Two weeks after the first correspondence, a 
follow-up email was sent with attached a soft copy of the questionnaire. It was to 
facilitate their filling-out of the form, and also to remind them to make response. In 
order to increase the response rate, help and support was sought from relevant 
agencies. The Singapore Hotel Association (SHA) helped send a reminding email to 
its 84 member hotels, calling for their participation in the survey. Furthermore, 
personal contacts in the industry were also used as a channel to reach more hotels.   
 
3.2.2 Site visit and interview 
 
An important step in conducting a survey is to check for data integrity. In the current 
study, this step was taken through site visit and interview with the hotel engineering 
personnel, often director of the engineering department. Therefore, ambiguities in the 
returned questionnaires were able to be clarified. Another purpose of doing interview 
was to collect the intangible or hard-to-quantify data, which is difficult to record in 
questionnaire using numbers or yes-no questions and often requires some descriptions. 
A large percentage of the surveyed hotels were visited and their engineers interviewed 
either by telephone or face-to-face conversation.   
  
Firstly, data contained in the returned questionnaires was compiled, and some 
preliminary analysis performed. This process revealed some obvious typing errors, 
which were immediately checked and corrected by calling the hotels in question. 
Secondly, it was expected that the respondents are more prone to misunderstand 
certain questions. Thus, a cautious strategy was adopted in examining and interpreting 
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the answers to these questions. Once ambiguity was spotted, a site visit would be 
arranged with the hotel engineer to sort out the issue. To give an example, some of 
these problematic issues are about hotel tenants (whether energy use and floor area of 
tenanted shops and restaurants are included in the totals) and district cooling (accurate 
measurement of energy used by individual buildings sharing a district cooling system). 
The analysis of these data will be detailed in the next chapter. Here, it is only meant to 
show what was accomplished through site visit and interview. Moreover, as 
mentioned earlier, some hard-to-quantify data was collected in interviews with hotel 
engineers. It includes but is not limited to firsthand experience of the hotel engineers 
in operating and maintaining building HVAC and lighting systems, strategies adopted 
in making energy savings, and details of energy retrofitting projects undertaken in the 
hotels.  
 
3.2.3 Response rate 
 
As a result of all the efforts, complete data sets were received from 29 hotels. This is 
about 28 per cent of the 102 gazetted hotels. When compared to the sample size 
determined in the sampling process, it is a bit short if 95 per cent confidence level is 
required, but is quite sufficient if the level of confidence decreases to 90 per cent. In 
many studies of similar nature and objectives, no sampling process or response rate 
was reported, probably because sampling was done out of convenience rather than 
systematically. For the others, their response rates are basically comparable to that of 
the current study. Zmeureanu et al. (1994) collected complete energy consumption 
data from 16 (out of 44) Ottawa hotels, hence having a response rate of 36 per cent. 
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Knowles et al. (1999) used stratified random sampling in their survey of the London 
hotel sector, and completed questionnaires were received from 42 of the 150 targeted 
hotels, therefore its response rate is 28 per cent.  
 
3.3 Methods of Data Analysis 
 
This section discusses briefly three methods of data analysis used in the study. The 
first is regression-based energy benchmarking. After comparing the pros and cons of 
different benchmarking approaches in the last chapter, it was identified as most 
suitable for this benchmarking practice. Clustering techniques, which are used to 
classify hotels based on their energy consumption, is examined next. At the end, data 
envelopment analysis (DEA), a novel technique applied to study hotel energy 
efficiency, is introduced.   
 
3.3.1 Regression-based benchmarking 
 
Regression techniques are used to identify the determinants of energy use intensities 
in hotels. As discussed in the last chapter, it enables the resulting benchmark to 
account for the inflexible determinants and hence make comparisons fairer. Naturally, 
the first step is to collect a list of variables as potential energy use drivers, which has 
been done in the data collection. The statistical model can be established directly if 
the independent variables to be included in it are already known. But this is usually 
not the case. Hence, the list of potential energy use drivers should be examined for 
their significance and correlation with the dependent variable as well as with the other 
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independent variables. Stepwise linear regression is a technique that can be used to 
fulfill this task. As a result, only the statistically significant variables (X1,…,Xn) are 
left in the regression model, while the others are discarded.  
 
The difference between a building’s actual energy consumption and what is predicted 
by the regression model (residual, in statistical term) can be used to construct 
benchmark indicator of building energy performance. Different indicators may be 
constructed depending on the ways chosen to use this residual information. Sun et al. 
(2006) proposed the Energy Efficiency Score (EES) method, rating buildings based 













 is the value predicted by the regression model, and Y is the actual.  
 
This EES is able to fully convey the information contained in the regression model, 
and therefore the resulting benchmark can factor out the variance of energy use 
incurred by inflexible determinants in the “best-fit” model.  
 
The method proposed by Chung et al. (2006) also makes use of regression residuals to 
construct benchmark. By doing some statistical conversion, the benchmark indicator 
is kept in the form of energy use intensity (rather than score or something else), and 
the values are comparable to the buildings’ actual energy use intensities. The 
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procedure will be a bit more complicated, but the final benchmark makes it easier to 
carry out further work like classification. Hence, this method is used in the study.  
 






XXX*          (3.7) 
 
where X  and S  are the mean and standard deviation of variable X .  
 
Following that, regression is performed again, but with the standardized Xs (X*s) as 
independent variables. This will result in a regression model like Equation 3.8: 
 
nnXbXbXbaEUI *** 2211 +⋅⋅⋅+++=        (3.8) 
       
where a is the intercept, X*1,…,X*n are the standardized independent variables, and 
b1,…,bn are the corresponding regression coefficients.  
 
Based on this regression model, the normalized energy use intensity of a hotel 




2211 −⋅⋅⋅−−−=          (3.9) 
 
where EUIactual is the hotel’s actual EUI and the other characters bear the same 
meanings as those in Equation 3.8.  
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Normalized energy use intensities (EUInorm) are calculated for all hotel buildings, 
which form the basis of the cumulative distributional benchmarking curve. For any 
buildings to be benchmarked, their energy use intensities should be calculated in the 
same way and then compared to the benchmarking curve to determine their relative 
standings.   
 
3.3.2 Building classification with clustering techniques 
 
Clustering is an exploratory data analysis method applied to data in order to discover 
structures or certain groupings in a data set. The major types of cluster structures are: 
(a) a single cluster considered against the rest of whole of the data, (b) a partition of 
the entity set in a set of clusters, and (c) a hierarchy of clusters (Mirkin, 2005). 
Although a large number of clustering techniques with different underlying 
assumptions are available, the cluster structures they discover all fall into these 
categories. Hence, before choosing a clustering technique to apply to the data set, the 
strategy taken and the cluster structure to discover should be determined in advance. 
The most conventional cluster structure is partition, and some well known clustering 
techniques (e.g. k-means, fuzzy c-means, etc.) are all associated with it. In this study, 
the fuzzy c-means clustering technique is used to classify hotel buildings, which was 
originally introduced by Bezdek (1981) as an improvement on earlier clustering 
methods.  
 
In classifying buildings on their energy consumption, the most widely used method is 
based on the cumulative frequency distribution of building energy intensity. For 
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example, if four classes are to be defined, the 25th, 50th and 75th percentiles will be 
used as boundaries of these classes. Thus, there will be approximately an equal 
number of buildings in each class. However, when classified in this way, the ranges of 
energy use intensity for different classes can be very unbalanced. Depending on the 
data distribution, some classes may have very broad bands, while others have much 
narrower ones. For buildings in the narrow-band classes, very small changes in energy 
consumption will probably result in their class memberships to be modified. And also, 
if the ranges are really small enough, even measurement errors and inaccuracies in 
data analysis can have great impact on classification, hence making it very unstable. 
Moreover, choosing the 25th, 50th and 75th percentiles (or other percentiles based on 
the number of classes needed) of the cumulative frequency distribution as class 
boundaries is largely an arbitrary decision, and often lacks concrete statistical basis.  
 
A new method of classification based on clustering techniques is devised for this 
study to replace the widely used cumulative frequency distribution method. Instead of 
defining class boundaries arbitrarily without considering the intrinsic data structure, 
the classes (clusters) are determined based on a rigorous algorithm. Like many other 
clustering algorithms, the algorithm of fuzzy c-means clustering can be regarded as a 













     m>1       (3.10) 
 








iju  for all j = 1,…, n       (3.11) 
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where dij = || xi - vj ||2 is the squared Euclidean distance between data vector xi and 
cluster center vj; uij∈[0, 1] is the degree of membership of xi in the cluster j; m is the 
so-called fuzzifier, and a typical choice for this parameter is m=2 (Klawonn et al., 
2003).   
 
The data set chosen to apply these clustering techniques is the normalized energy use 
intensities of all sampled hotels. It is because both benchmarking and classification 
are expected to take account of the energy determinants discussed in the last section, 
which should be done through energy normalization. Furthermore, the clustering 
result obtained in this way can be compared directly to that of the cumulative equal 
frequency distribution method, since they are based on the same data set, and any 
difference in the results can therefore be attributed to the difference of the methods 
used.  
 
3.3.3 Data envelopment analysis 
 
Data envelopment analysis is a linear programming based technique for measuring the 
relative performance of organizational units where the presence of multiple inputs and 
outputs makes comparisons difficult. This technique was first proposed by Charnes et 
al. (1978) to evaluate the efficiency of not-for-profit organizations, but was latter 
being used in many areas including profit making organizations for efficiency studies. 
DEA has some very distinct advantages over traditional efficiency study techniques 
like ratio analysis and statistical regression. It can handle models with multiple inputs 
and multiple outputs, even if they are with very different units. There is no imposition 
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of any functional form as is required in parametric approaches. These advantages and 
also its limitations will be elaborated in a later chapter.  
 
The basic idea of the DEA method is to form the virtual input and output for each 











+⋅⋅⋅+=           (3.12) 
. 
The weights in DEA are derived from the data instead of being fixed in advance. They 
are selected by linear programming in a manner that calculates the Pareto efficiency 
measure of each DMU subject to the constraint that no DMU can have a relative 
efficiency score greater than unity. Hence, the optimal weights may (and generally 
will) vary from one DMU to another (Cooper et al., 2006).  
 
Although there is a world of literature on DEA theoretical developments and its 
various applications, research work using DEA to study building energy performance 
has been rare. From this perspective, the current study can be regarded as an attempt 
to expand the application areas of this technique. As expected, it also poses some 
challenges. In the design of a relative efficiency model, there is a list of choices to 
make, such as choosing the scale of return, determining whether the weights should 
be restricted. Avkiran (2002) noted that when it comes to such choices, the standard 
procedure is to review the literature, and then propose an improvement to the previous 
attempts at solving the problem. Nevertheless, the fact that not many “previous 
attempts” have been made means some of these choices would have to be made in a 
tentative manner.  
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One of the first and probably most difficult choices to make is determining the inputs 
and outputs for the efficiency model. As is true for other efficiency study methods, the 
inputs and outputs included in the model should be somewhat related experientially, 
statistically, or conceptually. Avkiran (2002) suggested that one should look for low 
correlations among the inputs (outputs) and high correlations between inputs and 
outputs. Gillen et al. (1997) recommended a simplistic approach when it is not easy to 
distinguish inputs from outputs. They suggested that desirable outcomes can be 
considered as outputs and less preferred factors as inputs. In this study, the inputs and 
outputs of the efficiency model are chosen with reference to these principles. Once all 
the necessary choices are made and data compiled, the efficiency model is executed 
by specifically designed DEA software (DEA-Solver). After that, the results are 




This chapter comprises two parts; the first part is concerned with data collection, 
while in the second part, three major methods of data analysis used in the study are 
introduced. The text is arranged in a way that is consistent with the time sequence of 
the research work; the sampling process is introduced first, which is followed by the 
details on questionnaire design and implementation of data collection. At the end, the 
methods used for data analysis are briefly introduced, which is meant to facilitate 
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This chapter examines the various aspects of hotel building energy performance. The 
physical characteristics of hotels such as building size, number of stories, building 
services engineering are first reported. They form the “hardware” of hotel operations. 
In parallel, the “soft” variables like occupancy rate and their correlations with hotel 
energy use are also discussed. These two types of variables can be looked as the 
internal factors influencing hotel energy performance. In addition, there are also some 
external factors that cause variations of energy use in hotels. The most prominent of 
such factors is weather. Tropical hotels often rely on air conditioning to maintain 
indoor thermal comfort; their energy loads are inevitably affected by outdoor weather 
conditions. Hence, regression models are established to correlate energy consumption 
in individual hotels with outdoor air temperature. Also discussed in the chapter are 
issues like fuel mix, breakdown of energy consumption into end-uses, and the 
relationship of energy use intensity and hotel star rating. Based on the mean energy 
use intensity of the surveyed hotels, energy consumption of Singapore’s hotel sector 
is estimated. At the end, the hotel environmental impact is investigated through 
accounting the greenhouse gas (GHG) emissions from individual hotels.  
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4.2 Hotel Building Physical Characteristics 
 
4.2.1 General characteristics 
 
Table 4.1 has summarized some of the general characteristics of the surveyed hotels. 
The sample is very heterogeneous in terms of hotel size, reflected by GFA, number of 
guest rooms and number of stories. The smallest hotel only has 32 rooms and a gross 
floor area (GFA) of 1648m2, while the largest one supplies 1200 rooms and its gross 
floor area is 101998m2. The histogram for number of guest rooms shows that the 
distribution is roughly normal, although there is a gap between 750 and 1200 (Figure 
4.1). In general, the sample has a good coverage of the population with regard to hotel 
capacity.  
 
Table 4. 1 General characteristics of the sampled hotels 
--- Minimum Maximum Mean Std. deviation
Gross floor area (m2) 1648 101998 33650 21207 
Number of rooms 32 1200 464 208 
Standard room area (m2) 24 41 30 5 
Age 1 75 20 14 
Number of stories 5 51 22 11 
 
When it comes to building age, large variations are also observed. The oldest building 
was constructed 75 years ago, and even its function has changed for several times 
(from a trading house to an apartment building and so on). The current management 
took over the building several years ago, and after an overall renovation, it was turned 
into a quality boutique hotel. In contrast, the newest construction was only completed 
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in 2004, and the hotel came into operation since then. When classified with star rating, 
there are 11 five-star, 13 four-star and 5 three-star hotels. Generally, high class hotels 
provide more spacious guest rooms, and this information is captured with the area 
occupied by a standard guest room.    
 
Figure 4. 1 Histogram of number of guest rooms in hotels 
 
 
4.2.2 Floor areas for different functions 
 
The main function of a hotel is to provide accommodations for guests. Hence, it is 
quite natural that guest rooms have the largest proportion of floor area. The sampled 
hotels have a total of 13450 guest rooms, which is about 37 per cent of 36765, the 
total number of available rooms in all registered hotels (STB, 2005). On average, 
guest rooms cover 64 per cent of a hotel’s GFA, much lower than the 85 per cent 
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reported in Ottawa hotels (Zmeureanu et al., 1994). Generally speaking, the 
percentage is relatively lower in high class luxury hotels, in which more spaces are 
usually needed for leisure activities. This can probably explain the difference of 
findings from the two studies. The surveyed Ottawa hotels include motels, 
accommodations with little facilities other than guest rooms, while the sampled 
Singapore hotels are all quality ones, many of them high class business hotels.      
 
Every one of the surveyed hotels has some dining facilities. The areas in the hotels for 
dining facilities, including cafe, pub, restaurant and kitchen, vary from 242m2 (1.3 per 
cent of GFA) to 6574m2 (6.4 per cent of GFA). On average, 5.6 per cent of the GFA 
is used for this purpose. Amongst the 29 hotels, 27 have convention facilities or/and 
tenanted office spaces. The average percentage of GFA devoted to these functions is 
6.4 per cent. Shopping centers are found in 7 hotels, which cover an average of 15.9 
per cent of the GFA in these hotels, varying from 653m2 to 10362m2. These shopping 
centers are mostly in hotels located on high streets, and often occupy the first floors of 
the buildings. The other areas in the hotels generally fall into one of the following 
categories: common areas (lobby, corridor, etc.), back of the house (housekeeping, 
laundry, etc.), recreational facilities (swimming pool, spa, gym, etc.), and technical 
service rooms. 
 
4.2.3 HVAC systems and thermal comfort 
 
Located just north to the equator, cooling is a year-round need in Singapore. Like 
most other commercial buildings in the region, hotels are air-conditioned in order to 
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maintain the desired thermal comfort. The small boutique hotel in the sample uses 
split units throughout the whole building, while all the others employ centralized air 
conditioning with separate chiller plant and air-handling systems. Among the 28 
centrally air conditioned hotels, 25 operate and maintain their own chiller plants. The 
remaining three hotels share parts of two district cooling systems; chilled water is 
pumped to the hotel premises, therefore the hotels only maintain the air-side systems. 
Large areas in hotels like lobbies and restaurants are usually conditioned with 
constant air volume (CAV) or variable air volume (VAV) air handling systems, 
whereas fan coil units (FCUs) are used in guest rooms due to their merits of flexibility 
in control and quick responsiveness to adjustments.  
 
Cooling energy often constitutes the largest percentage of total energy consumption in 
tropical commercial buildings. Hence, the efficiency of chiller plant plays a very 
important role in the energy performance of tropical hotels. In data collection, the 
surveyed hotels were asked to provide detailed descriptions of their chiller plants. But 
the result turned out to be a bit disappointing. Although those hotels maintaining their 
own chiller plants all reported the number of chiller units and their respective 
capacities, only a few were able to provide unambiguously the efficiency values. This 
indicates that most hotels are not keeping close track of the performance of their 
chiller plants, at least not quantitatively. The capacities of individual chiller units vary 
between 260RT and 600RT. In the sampled hotels, the most common scenario is 
composed of three chiller units; one runs around the clock, the second only operates 
during peak hours, and the third one on standby. Very large hotels need more chillers, 
but similar running sequence is often configured. Furthermore, it was found that 
chiller efficiency is generally lower during nighttime when not running close to the 
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full capacity. To give an example, efficiency values of 0.71 to 1.02kW/RT and 1.79 to 
1.94kW/RT were registered for the same chiller plant running at day and night times. 
Overall, many hotels are not well informed of their chiller plant efficiency. For the 
others, either an energy audit has been conducted recently, which enables reporting of 
the efficiency value, or a building energy management system is in place to monitor 
the chiller operations continuously.  
 
The Singapore Standard CP13 (SPRING, 1999) mandates that indoor dry bulb 
temperature should be maintained between 22.5 and 25.5 degree C, and the average 
relative humidity should not exceed 70 per cent when the air-conditioning system is in 
operation. Most of the surveyed hotels keep set-point temperature at 23 ± 1 degree C, 
with exceptions in two hotels that have their settings at 21 and 26 degree C 
respectively (Figure 4.2). Nevertheless, it should be noted that temperature settings in 
guest rooms are actually at the discretion of occupants. Therefore, the temperature set-
points reported herein are settings of common areas or default settings in guest rooms.  
 
Relative humidity (RH) is satisfactory in most hotels, i.e. below 70 per cent; both the 
median and mode are 60 per cent for all the hotels (Figure 4.3). But like temperature, 
there are a few outliers. Four hotels reported indoor relative humidity of between 70 
and 80 per cent. Spot measurements were conducted in these hotels. It turned out that 
the high RH figures were all observed in lobbies, where direct air exchanges with the 
outside environment (often very humid) are frequent. In general, the requirements on 
temperature and RH are more strictly fulfilled in high class hotels.  
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4.2.4 Lighting system 
 
There is a great diversity of lighting requirements in hotels. For example, tungsten 
lamps are often widely used in restaurants to create the subdued and intimate 
environment, whereas fluorescent technology can be used in areas having less 
demanding requirements. The Handbook on Energy Conservation in Buildings and 
Building Services mandates lighting load requirements for some common types of 
spaces (BCA, 1986). These requirements, measured in watts per square meter, serve 
to limit the installed circuit wattage of the artificial lighting system in a space. The 
maximum lighting loads for restaurants and lobbies/corridors are 25W/m2 and 
10W/m2 respectively. But as the largest functional area in hotels, there is no specific 
requirement set for guest rooms. The surveyed hotels were asked to report their 
average lighting density, but only 11 of them did so, and the values vary between 
8W/m2 and 27W/m2. Based on the available information, it is not possible to conclude 
whether the lighting provision is satisfactory or not. Some hotels also reported their 
retrofitting work on the lighting system. Changing to energy efficient lamps is the 
most frequently adopted measure; other measures include replacing magnetic ballasts 
with electronic ones, installing programmable dimmers that adjust light output with 
the available daylight. Using daylight through skylight in the lobby or atrium is quite 
common, but no advanced daylighting technology like solar tube has been found in 
the hotels.    
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4.2.5 Domestic hot water 
 
In the chapter on literature review, it has been discussed that heating of domestic hot 
water in hotels is among the major energy consumers. The surveyed hotels show a 
great diversity in the ways they choose to produce hot water, with 12 of them by 
diesel, 3 by gas, and the remaining 14 by electricity. Despite that solar thermal 
heating is a mature and commercially viable technology, particularly for buildings 
that have extensive hot water needs, not a single hotel was discovered in the survey to 
be using it. There are successful installations in Singapore, such as the one at the 
Changi airport, which is the largest solar heating project in South East Asia 
(CADDET, 1997). For buildings in “sunbelt” countries such as Singapore, projects 
like that usually have more favorable payback periods than those implemented in 
temperate or cold climates. Therefore, this is one of the areas where energy savings 
should be actively sought in tropical hotel retrofitting projects.   
 
In the surveyed hotels, it cannot be concluded which traditional way of water heating 
is more efficient. However, interviews with hotel engineers revealed some interesting 
information, which indicates that diesel boilers are generally undesirable. A few 
surveyed hotels were decommissioning their diesel boilers at the time when the 
survey was conducted, and some others have made plans to do so in the near future. 
There are a couple of reasons cited by the hotel engineers for switching from diesel to 
electricity. Cost is the most prominent one, since diesel boilers are found to be more 
expensive to run than alternative systems like heat pump. Unlike natural gas, which is 
usually supplied in pipelines, diesel needs to be transported by vehicles and stored on 
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site, hence more troublesome. Moreover, exhaust released from diesel boilers, if not 
properly ventilated, can cause serious environmental problems.  
 
4.2.6 Building management system 
 
Kirk (1987) defined building management system (BMS) as a programmable 
controller for all or any of the HVAC and lighting functions. A sophisticated building 
management system can automate processes like temperature control, time control for 
start-up and shut-down cycles of air conditioning systems, dimming artificial light 
when daylight is available, and so on. About a half of the surveyed hotels (15 out of 
29) have BMS installed. One of the purposes of implementing such a system is of 
course to save energy. Sheldon (1983) reported that building energy management 
system can save 10 to 20 per cent of a hotel’s energy bill. To test whether hotels 
having BMS differ from others in terms of energy consumption, an unpaired t test was 
conducted to compare the energy use intensities of two groups of hotels. The test 
result shows no difference at the 95 per cent confidence level. It clearly shows that 
BMS alone is not enough to make energy savings, and the objective can only be 
achieved if other important factors like energy policy and staff training all work 
together.  
 
4.3 Energy Use in Hotels 
 
Unlike office buildings in Singapore, in which electricity is usually the only fuel 
consumed, hotels need more than one type of energy source for the diverse activities 
CHAPTER 4 HOTEL BUILDING ENERGY PERFORMANCE 
 61
they accommodate. Different fuels are converted to a common unit, i.e. kilowatt hour, 
to allow for summation and comparison.  
 
4.3.1 Fuel mix  
 
Electricity is the primary energy source, which is used to power HVAC, lighting, 
vertical transportation, and almost all the equipment. Its dominating role is clearly 
shown in Figure 4.4 and 4.5. Like electricity, gas is also consumed in all the sampled 
hotels, mainly for cooking, but as discussed earlier, there are three hotels, in which 
domestic hot water is produced by gas boilers. In the hotels that consume only 
electricity and gas, the two fuels contribute 91 per cent and 9 per cent of the total 
delivered energy (Figure 4.4).  
 
Diesel is used in the other hotels for one or all of the following purposes: hot water 
and steam production, standby electricity generation. The later incurs very little 
consumption, often negligible, as diesel is only consumed in regular (monthly, or 
even quarterly) test-runs of the emergency generator to ensure it works when in need. 
In these hotels, the percentages of electricity, gas and diesel are 77 per cent, 8 per cent 
and 15 per cent respectively (Figure 4.5). This fuel mix is similar to that reported in 
subtropical Hong Kong hotels (Deng et al., 2002), in which 73 per cent of the energy 
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4.3.2 Breaking down of energy consumption 
 
The breaking down of total energy consumption into its major end-uses like HVAC, 
lighting, domestic hot water and vertical transportation requires continuous 
monitoring of these systems. Kinney et al. (2000) reported the results of an energy 
audit performed in a 5-star Singapore hotel. The monitored data shows that central 
plant is the largest consumer, using 39 per cent of the total electrical energy, which is 
followed by the air-side systems (AHU/FCU) consuming 24 per cent of the electricity.  
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Due to the time and resource constraints, system monitoring was not carried out in the 
surveyed hotels. However, for billing purpose, chiller plant energy consumption is 
separately metered in three hotels that use district cooling systems. Thus, this part of 
energy use can be determined with high accuracy, since year-long data is available 
and any variation caused by seasonal effect is factored out. The proportions of chiller 
plant (inclusive of cooling tower, condensing water pumps) electricity consumption to 
the total electricity use in the hotels are 40 per cent, 44 per cent and 35 per cent 
respectively. This finding is consistent with that of the abovementioned study. But for 
hotels in other climate regions, the percentages are usually much smaller, which again 
demonstrates that air conditioning is an “energy guzzler” in tropical buildings.   
 
4.3.3 Energy use intensity 
 
Regression analyses were conducted to correlate hotel energy consumption with the 
primary determinants, namely GFA, number of rooms, and yearly occupied room-
nights, so as to construct energy use intensities, which can then be used as the basis 
for comparing energy performance of different hotels. Most of these capacity 
indicators are well correlated with electricity, fossil fuel (gas cum diesel) and total 
energy consumption of the hotels. But apparently, GFA has the best correlation with 
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Table 4. 2 R2s of linear models correlating energy use with primary determinants 
Capacity 
indicator\Energy Electricity Fossil fuel Total 
Gross floor area 0.86 0.73 0.90 
Number of guest rooms 0.72 0.53 0.72 
Number of occupied 
room-nights 0.71 0.48 0.70 
 
A plot of hotel total energy consumption as a function of gross floor area is shown in 
Figure 4.6. The R2 of 0.9 indicates that GFA can explain 90 per cent of the variation 
of energy use in the hotels. The plots of energy consumption against other capacity 
indicators are very similar, except that the regression models and R2s are different. 
Hence, they are not presented here.  
 
Figure 4. 6 Annual total energy consumption vs. gross floor area 
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Energy use intensities are constructed by dividing yearly energy consumption with the 
capacity indicators (Table 4.3). Among these intensity values, the largest range is seen 
in the fossil fuel energy use; the minimum and maximum values are not even in the 
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same order of magnitude. A close inspection reveals that the range is largely created 
by the intensive diesel use in some hotels. The hotel having the highest fossil fuel 
energy use intensity, for example, uses diesel to produce domestic hot water and 
steam, and the later is used not only in kitchens, but also in the laundry. By contrast, 
there is no diesel consumption at all in the hotel having the lowest fossil fuel energy 
use intensity; moreover, it only has very light cooking in a restaurant, hence having 
very little gas consumption.    
 
Table 4. 3 Summary statistics of hotel energy use intensities 
Energy use intensity (EUI) Minimum Maximum Mean Std. Deviation
kWh/m2 221.17 495.76 361.39 82.86 
kWh/room 11430.52 61660.24 25461.67 10062.08 Electricity 
kWh/room-night 43.54 223.18 89.63 37.16 
kWh/m2 1.74 197.29 65.57 48.92 
kWh/room 65.39 15222.33 5012.12 4317.44 Fossil Fuel 
kWh/room-night 0.23 62.84 17.90 16.12 
kWh/m2 264.71 592.33 426.96 95.89 
kWh/room 13680.95 70006.77 30473.79 12618.18 Total 
kWh/room-night 53.04 253.39 107.53 47.16 
 
For gas consumption alone, however, its correlations with all these capacity indicators 
are generally poor. The best correlation is found between it and the floor area for 
dining facilities. However, as can be seen in Figure 4.7, the data points are rather 
scattered. The low R2 further confirms that this variable cannot well explain the 
variation of gas consumption in the hotels. Therefore, other determinants were sought. 
Interviews with some hotel staff revealed that number of meals served in restaurants 
is likely to be well correlated with gas consumption. Unfortunately, only six hotels 
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were able to provide this information, which is obviously too few to perform a 
statistical analysis. 
 
Figure 4. 7 Annual gas consumption vs. floor area for dining facilities 
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4.3.4 Star rating and energy use intensity 
 
It is often presumed that high class hotels will consume more energy per unit floor 
area than their low class counterparts. The grand atrium in a five-star hotel, for 
example, often has far above normal cooling and lighting energy use in order to meet 
the demanding thermal and visual requirements. Some operational features may also 
contribute to their high energy use intensity, e.g. 24-hour guest room service, which is 
usually a must in high class hotels but rarely seen in low class ones. The mean energy 
use intensities of three, four and five-star hotels are 288kWh/m2, 444 kWh/m2 and 
470kWh/m2 respectively. There seems not to be much difference between four and 
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five-star hotels with respect to energy use intensity, but both of them appear to be 
quite different from the three-star hotels in this regard (Figure 4.8). The one-way 
analysis of variance (ANOVA) confirmed this observation. At the 95 per cent level of 
confidence, there is no significant difference between the means of four and five-star 
hotel EUIs, but both means differ significantly from that of the three-star hotels.    
 
Figure 4. 8 Energy use intensities of hotels with different star ratings 
 
 
4.3.5 Energy consumption of the hotel sector 
 
The Singapore Tourism Board has a yearly publication, Annual Report on Tourism 
Statistics, which summarizes the tourism industry’s performance during the previous 
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year. For the hotel sector, it reports indicators like number of available rooms, average 
room price, occupancy rate, and so on. But there is no information regarding energy 
use of the industry. In view of this, an estimation of the hotel sector’s energy 
consumption was made based on the surveyed data. GFA has the best correlation with 
hotel energy consumption, but only total number of hotel rooms of the hotel industry 
is known to us, which is 36756 according to the Annual Report on Tourism Statistics 
(STB, 2005). Therefore, making inferences to the population has to be based on 
energy use per hotel room. Since the mean and standard deviation of total energy 
consumption per year are 30473.79kWh/room and 12618.18kWh/room (Table 4.3), 
energy consumption of the hotel industry on an annual basis (T) was estimated to be 
1120GWh, and a 95 per cent confidence interval is: 
 
944GWh < T < 1296GWh. 
 
In the same way, electricity consumption of the hotel industry was estimated at 
936GWh, which is about 17.6 per cent of yearly electricity consumption in buildings, 
and 2.8 per cent of total electricity demand in 2004 (Department of Statistics, 2005). 
In Hong Kong, the hotel industry’s share of the city’s total electricity consumption 
varied between 1.7 per cent and 2.2 per cent for the period of 1988 to 1997 (Chan et 
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4.4 Hotel Building Operations 
 
For some tourist destinations where seasonal variation in the number of tourist visits 
is large, hotels may close down partially or even cease operation during low seasons. 
In this study, the sampled hotels all operate throughout the whole year, and no case of 
partial closing-down has been found.  
 
4.4.1 Hotel workers 
 
Hotels usually have multiple work shifts in a day, and often a mix of full time and part 
time staff on different shifts. As a result, it becomes difficult to record the number of 
workers. Questions will arise, for example, whether a person working for two shifts 
should be counted as two workers, and should part time and full time staff counted 
separately? In view of this, the surveyed hotels were asked to report the number of 
workers on the main shift regardless of whether they are full time or part time staff. It 
is believed that least confusion will be incurred when the information is surveyed in 
this manner. The main shift includes the time period when a hotel’s activity level 
reaches its peak. It may vary in different hotels, but is usually well defined. Not 
surprisingly, the number of workers on the main shift has very good correlation with 
hotel total energy consumption (Figure 4.9). And also it is well correlated with hotel 
electricity and fossil fuel energy use; the R2s are 0.81 and 0.70 respectively. Number 
of workers is an indicator of a building’s capacity and occupancy, but in hotel 
buildings, it is also related to service quality and the level of business activities. The 
next chapter will have a detailed discussion on this. 
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Figure 4. 9 Annual total energy consumption vs. number of workers on the main shift 
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4.4.2 Occupancy rate 
 
Yearly occupancy rate in the surveyed hotels ranges from 66 per cent to 88 per cent. 
The average is 78 per cent, which is a bit lower than 81 per cent, the 2004 mean 
occupancy rate of all gazetted hotels (STB, 2005). In Figure 4.10, energy use 
intensities of the sampled hotels are plotted against their respective yearly occupancy 
rates. However, like hotels in Hong Kong (Deng et al., 2000) and Australia 
(Australian Government, 2002), no clear relationship can be identified between the 
two variables. Since the surveyed hotels differ a lot in some aspects, the “noise” 
generated by these differences may obscure the relationship between energy use and 
occupancy, and prevent it from being identified, if there is one. Therefore, it will be 
more effective to explore the relationship in a longitudinal manner for individual 
hotels, i.e. tracking the changes of energy use and occupancy in a hotel over a period 
CHAPTER 4 HOTEL BUILDING ENERGY PERFORMANCE 
 71
of time. In this way, the effect of most physical and operational characteristics will be 
factored out, since they usually do not fluctuate significantly in the same hotel.  
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Reddy et al. (1997) acknowledged the necessity of normalizing for changes in 
occupant population when baselining facility-level monthly energy use. It was also 
noted by the researchers that number of occupants is a nebulous parameter to measure 
and keep track of. Fortunately, recording of occupancy rate is the normal practice in 
hotels as a management need. Though walk-in guests such as patrons to the 
restaurants are usually not counted, occupancy rate is relatively a good indicator of 
the population in a hotel. However, a simple proportional relationship is unlikely to be 
the case for hotel energy use and occupancy rate. To give a simple example, energy 
use does not necessarily double if the number of occupants is doubled (Reddy et al., 
1997).  
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Papamarcou et al. (2001) observed an exponential relationship between monthly 
electricity use and number of guests in a 5-star Cyprus hotel. The postulated 
regression model has a high R2 of 0.95, indicating its excellent goodness of fit. In this 
study, monthly electricity consumption was plotted against number of occupied rooms 
for the sampled hotels. However, no clear exponential relationship could be perceived. 
This was further confirmed by adding exponential trend lines to the scatter plots. Only 
a few of these trend curves are statistically significant, and their R2s are much lower 
than that of the Cyprus hotel, mostly around 0.5. Figure 4.11 shows one of the 
significant curves as well as its mathematical expression.  
 
There are a few reasons that can probably account for this lack of fit. Firstly, the 
exponential relationship found in the Cyprus hotel is rather a special case, which can 
not be generalized to other hotels. Secondly, unlike some vacation hotels, occupancy 
rate in the surveyed hotels does not vary a lot throughout the year, which makes the 
predictor variable being kept in a very small range. Draper et al. (1981) pointed out 
that these small ranges frequently cause the corresponding regress coefficients to be 
found “non-significant”, although empirical experience tells the correlation should be 
a significant one. Thirdly, interviews with hotel engineers reveal that air-conditioning 
is usually kept on in guest rooms even when they are not occupied (but set-point 
temperature is a bit higher, say 25 degree C). This is especially the case in high-class 
hotels, in which thermal discomfort and bad IAQ are much less tolerable. Since a high 
proportion of electricity is used for cooling in these tropical hotels, nonstop provision 
of air-conditioning in guest rooms may have caused the insensitivity of electricity 
consumption to changes of occupancy. On the other hand, it also indicates that more 
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effective measures for energy management should be implemented when the 
occupancy rate is low. 
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4.5 Energy consumption and weather conditions 
 
Singapore lies just north of the Equator near Latitude 1.5 deg N and Longitude 104 
deg E. Because of the geographical location and maritime exposure, its climate is 
characterized by uniform temperature and pressure, high humidity and abundant 
rainfall (NEA, 2006). Though generally uniform and constant, the two monsoons 
bring about monthly variations. Mean outdoor temperature usually reaches its peak 
around May and drops to the nadir in December or January. Figure 4.12 shows the 
profile of 2004 monthly mean outdoor temperature in Singapore. Also plotted is one 
of the surveyed hotels’ monthly mean daily electricity consumption during the same 
period. As can be seen in this plot, electricity consumption roughly follows the 
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fluctuations of outdoor temperature, especially in the first half of the year, which 
indicates that outdoor temperature can explain a large part of the variations in the 
hotel’s electricity consumption. Besides, it is also worth noting in the plot that the 
monthly mean outdoor temperature never falls below 26 degree C.  
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The relationship between building energy consumption and weather conditions has 
been studied by many. As a result, a world of literature can be retrieved, in which 
various models were developed mainly to facilitate accurate measurement of energy 
savings and prediction of future energy use. They range from simple linear regression 
model correlating monthly mean outdoor temperature with heating or cooling energy 
use (Reddy et al., 1997), to more complicated change-point model considering the 
combined effects of temperature, humidity and solar radiation (Ruch et al., 1993). 
Their applicability varies, depending on the climate as well as the building 
characteristics.  
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For change-point methods like PRISM, there is a break-even temperature for every 
building, which is sometimes arbitrarily designated as a constant such as 18.3 degree 
C or in variable-base methods treated as a variable. This reference temperature, as 
discussed by Fels (1986), is actually a reflection of interior temperature settings, and 
heating (cooling) is first required when the outdoor temperature drops below (rises 
above) the reference temperature. Cooling is needed in Singapore hotels throughout 
the year, and set-point temperature in the hotels is usually kept around 23 degree C, 
which is lower than the minimum of monthly mean outdoor temperature. It becomes 
obvious that change-point models are not applicable in this case. There will be no 
‘change-point’ unless an unreasonably high reference temperature is specified, but in 
that case, it will no longer reflect the interior temperature settings.  
 
Therefore, a simple linear regression model was adopted in this study to correlate 
electricity use with outdoor dry bulb temperature. As in most studies of similar 
objectives, R2 and CV-RMSE were used as criteria to evaluate the goodness of 
regression models. CV-RMSE is defined as follows (Reddy et al., 1997):   
 
[ ] YpnYYRMSECV ii /)/()ˆ(100 2/12∑ −−×=−             (4.1) 
 
where iYˆ  is the value of Y predicted by the regression model, Y  is the mean of iY , n 
is the number of observations, and p is the number of model parameters.  
 
The dependent variable, monthly mean daily electricity consumption, was derived by 
dividing monthly electricity consumption with number of days in the corresponding 
month, (e.g. electricity use in January is divided by 31 and that of June by 30). This 
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adjustment was made to remove the small difference in month-to-month variations in 
the number of days of each month. In cold climates where the seasonal variations are 
large, this difference can sometimes be neglected. However, the tropical climate in 
Singapore features relatively constant temperature throughout the year. Therefore, 
both the independent and dependent variables are kept within very small ranges, 
which make the fine-tuning necessary. Another important issue is about utility billing 
date. Very often, utility billing periods are not coincident with the calendar months. 
Reddy et al. (1997) suggested that, in the absence of exact billing date information, a 
few possible utility meter reading dates should be presumed and the one that results in 
the highest R2 could be chosen. For this study, the same strategy was adopted, and 
three meter reading dates, namely beginning, middle and end of the month, were 
presumed.   
 
A total of 87 regressions (29 times 3) were conducted. At the 95 per cent confidence 
level, however, statistically significant correlations were only found in 13 hotels. The 
R2 and CV-RMSE of the best fit models are summarized in Table 4.4, with the hotel 
names denoted by letters A to M to keep them anonymous. In addition, the regression 
line for hotel-A was plotted in Figure 4.13 as an example.  
 
Table 4. 4 R2 and CV-RMSE of baseline models 
Hotel A B C D E F G 
R2 0.68 0.44 0.42 0.59 0.49 0.41 0.58 
CV-RMSE (%) 2.75 5.27 3.08 1.67 5.55 3.65 3.24 
Hotel H I J K L M \ 
R2 0.53 0.64 0.67 0.36 0.48 0.34 \ 
CV-RMSE (%) 6.82 2.24 3.63 3.67 3.23 8.61 \ 
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Overall, the R2s were found to be much lower than those obtained for office buildings 
(Dong et al., 2004), an indication that electricity use in hotels is less affected by 
variations in outdoor temperature when compared to that in office buildings. Reddy et 
al. (1997) suggested that in case the R2 is low, CV-RMSE should be used as the 
criterion to determine the model goodness. They stated that models with CV-RMSE 
less than 5 per cent can be considered excellent models and those less than 10 per cent 
can be considered good models. If these criteria are to be adopted, nine of the 
regression models would be in the excellent group, with the rest fall into the good 
model category.  
 
Figure 4. 13 Monthly mean daily electricity consumption vs. monthly mean outdoor 
temperature 
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Nevertheless, whether it is a degree day method or the simple regression model we 
adopted in this study, their limitations should be well aware of, especially when 
applied in a cooling dominated climate. Firstly, weather parameters like humidity and 
solar radiation are not taken into account in these models, but they may also have 
significant influence on building energy use. Secondly, unlike heating, whatever the 
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fuel used, linear relationship can generally hold between energy use and outdoor 
temperature; cooling is a non-linear phenomenon (Akander et al., 2005). In this sense, 
it is more appropriate to deem the linear models as a makeshift simplification with 
practical usage.  
 
The thirteen hotels showing statistically significant correlation between electricity use 
and outdoor temperature are plotted in Figure 4.14. While all the lines show a 
consistent trend, i.e. electricity use increases with outdoor temperature, their slopes 
are different, indicating the difference of their responses to changes of outdoor 
temperature. In general, electricity consumption in the hotels represented by steeper 
lines is less affected by outdoor temperature, whereas those represented by more 
horizontal lines are more “shell-dominated”, and hence their electricity use is more 
influenced by the variations of outdoor temperature.   
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4.6 Greenhouse Gas Emissions from Hotels 
 
In 2004, electricity generation contributed 48 per cent (19058 kilotons) of the total 
CO2 emissions (39620 kilotons) in Singapore. The CO2 emissions from buildings due 
to electricity consumption were 5777 kilotons, or 30 per cent of the emissions from 
the use of electricity (National Environment Agency, 2006). Hotel buildings are often 
found to be one of the most energy intensive sectors in the building stock. 
Consequently, the GHG emissions related to them are also substantial. Accounting 
GHG emissions from hotels is a good tool of measuring their environmental impact 
and demonstrating their commitments towards sustainable development.  
 
4.6.1 Scopes of greenhouse gas emissions accounting   
 
In corporate greenhouse gas emission accounting and reporting, it is important to 
define a clear operational boundary for the organization concerned. Three “scopes” 
are defined for this purpose in the GHG Protocol Corporate Standard (WBCSD, 2004). 
Scope 1 accounts for direct GHG emissions from sources that are owned or controlled 
by the company. Scope 2 is electricity indirect GHG emissions. As the name indicates, 
it is about GHG emissions from the generation of purchased electricity consumed by 
the company. Scopes 3 includes other indirect GHG emissions, such as emissions 
from the transportation of purchased fuels. In this study, only scopes 1 and 2 are 
accounted. This is in line with the Standard’s requirements, which set scope 3 as an 
optional reporting category. For this specific case, emissions from combustion of gas 
CHAPTER 4 HOTEL BUILDING ENERGY PERFORMANCE 
 80
and diesel in cooking facilities and boilers fall into scope 1, while emissions from 
using purchased electricity should be accounted in scope 2.  
 
4.6.2 Emission factors 
 
Once the scopes are defined, the next step would be choosing appropriate emission 
factors to convert energy use to corresponding greenhouse gas emissions. For gas and 
diesel, there are readily available standard emission factors that can be used. But 
emissions from the use of electricity clearly depend on the fuel mix and efficiency of 
the power plants. Hence, the conversion factors vary from country to country and also 
change over time. The International Energy Agency (IEA) has estimated country 
specific emission factors including those for Singapore (1990 and 1996 values). They 
were calculated by dividing total CO2 emissions from electricity generation with total 
electricity produced, including electricity from nuclear power and renewables 
(Thomas et al., 2000). Nevertheless, the fact that Singapore’s power generation 
industry has made significant progress both in fuel mix and efficiency makes it 
necessary to update the emission factors to reflect these changes. One of the strategies 
adopted by the Singapore government to reduce environmental impact from power 
generation is to switch from burning fuel oil to natural gas for power. During the last 
five years, the proportion of electricity generated by natural gas has increased 
dramatically from 19 per cent to 74 per cent. Besides, the use of more efficient 
technologies has improved overall generation efficiency from 37 per cent to 45 per 
cent during the same period (NEA, 2006).  
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The GHG Protocol Corporate Standard has defined two electricity emission factors. 
One is called Emission Factor at Generation (EFG), which is calculated by dividing 
CO2 emissions from generation with the amount of electricity generated. The other is 
Emission Factor at Consumption (EFC), which has the same numerator but the 
denominator is replaced by the amount of electricity consumed. Obviously, the 
difference between these two factors is that EFG accounts for the electricity 
transmission and distribution losses, while EFC does not (WBCSD, 2004). The GHG 
Protocol Corporate Standard requires the use of EFG to calculate scope 2 emissions. 
Hence, the emission factor for Singapore was estimated accordingly. In 2004, the total 
electricity consumption in Singapore was 33171.2GWh (Department of Statistics, 
2005), and CO2 emissions from electricity generation were 19058 kilotons. Therefore, 
the EFC is 0.000575tCO2/kWh, which is not surprisingly lower than the IEA 1990 
and 1996 factors of 0.000890 and 0.000622tCO2/kWh. For gas and diesel, default 
emission factors from the literature are used in estimating GHG emissions from the 
hotels. 
 
4.6.3 Estimating greenhouse gas emissions from hotels 
 
It needs to be noted that there are also non-carbon dioxide greenhouse gases generated 
in fuel combustion, mainly methane (CH4) and nitrous oxide (NO2). They are 
produced due to incomplete combustion of hydrocarbons in fuels, but the contribution 
of fuel combustion to global emissions of these gases is minor and the uncertainty is 
high (IPCC, 1996). Therefore, emissions of non-carbon dioxide greenhouse gases are 
not calculated in this study.  
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Table 4. 5 CO2 emissions from the sampled hotels 
CO2 emissions (kg/m2/year)a CO2 emissions (kg/room-night)
Hotel Scope 1 Scope 2 Total Scope 1 Scope 2 Total 
1 39.6 171.0 210.6 15.8 68.3 84.1 
2 14.3 258.6 272.8 2.7 48.4 51.0 
3 13.3 280.3 293.7 6.1 128.3 134.4 
4 5.5 209.3 214.9 1.2 46.7 47.9 
5 27.6 179.6 207.2 8.4 54.7 63.1 
6 21.2 248.2 269.3 5.2 60.7 65.9 
7 4.7 179.1 183.8 1.4 52.4 53.8 
8 9.5 231.3 240.8 2.0 48.7 50.7 
9 3.2 232.0 235.2 0.9 68.1 69.0 
10 41.3 245.1 286.5 9.4 55.8 65.2 
11 25.5 169.1 194.6 10.9 72.4 83.3 
12 11.5 174.1 185.6 2.9 43.1 46.0 
13 23.8 268.9 292.7 4.0 45.1 49.1 
14 9.1 225.3 234.4 1.4 35.6 37.0 
15 5.4 269.8 275.2 0.8 38.3 39.0 
16 5.1 216.0 221.1 0.9 37.4 38.3 
17 4.3 170.8 175.1 1.1 43.2 44.3 
18 6.9 260.5 267.4 1.1 43.5 44.6 
19 0.4 234.0 234.3 0.0 30.4 30.4 
20 6.9 179.8 186.7 1.5 39.1 40.6 
21 51.6 204.5 256.1 13.3 52.9 66.2 
22 9.3 254.0 263.3 1.9 52.9 54.9 
23 12.3 285.1 297.3 3.3 76.2 79.5 
24 11.3 180.9 192.3 5.7 91.3 97.1 
25 2.6 136.3 138.8 0.6 29.9 30.5 
26 11.6 151.7 163.3 2.7 34.7 37.4 
27 9.0 146.6 155.6 2.6 43.2 45.8 
28 14.2 132.1 146.3 2.7 25.0 27.7 
29 8.8 127.2 136.0 1.9 27.2 29.1 
Average 14.1 207.6 221.8 3.9 51.5 55.4 
Std. deviation 12.5 47.9 49.8 4.0 21.4 23.5 
 
aConversion factors: gas = 0.202kgCO2/kWh, diesel = 2.68kgCO2/liter 
(Thomas et al., 2000), electricity = 0.575kgCO2/kWh. 
 
Based on the emission factors determined and the energy consumption data, CO2 
emissions from the 29 surveyed hotels were estimated (Table 4.5). The CO2 emissions 
indicators (CEI) were calculated by dividing the total emissions with the selected 
normalizing denominators, namely GFA and number of occupied room-nights. While 
CHAPTER 4 HOTEL BUILDING ENERGY PERFORMANCE 
 83
floor area normalization (GFA, treated floor area, and so on) is a convention in 
building energy studies, the number of occupied room-nights was selected because it 
is a frequently used indicator and normalizing factor in hospitality management.  
 
A comparison of the two metrics shows that variations of CO2 emissions in 
kg/m2/year are much smaller than that in kg/room-night. Take Hotel 3 (shadowed) as 
an example. It appears more like an outlier when its carbon intensity in kg/room-night 
is compared to that of the others. Some further investigation reveals that it is simply 
because this five-star hotel has a disproportional number of large suites catering to the 
needs of luxurious travelers. As can be seen in the Table, its carbon intensity in 
kgCO2/m2/year is more comparable to that of the other hotels. Selecting an 
appropriate normalization factor in GHG emissions accounting is of vital importance, 
but also can be notoriously difficult. Thomas et al. (2000) pointed out that each 
industry sector has its own peculiarities and normalization factors must be industry 
specific. Since a widely accepted normalization factor is still lacking for the hotel 





In this chapter, the main characteristics of the surveyed hotels are reported. There is a 
great diversity in some of these characteristics, including age, GFA and number of 
stories, to name a few. This indicates that the sample has a very good coverage of the 
population with regard to these characteristics. As expected, electricity is the main 
energy source in hotels, which is supplemented by gas and diesel. The main capacity 
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indicators, GFA, number of guest rooms, and number of occupied room-nights are 
found to be well correlated with hotel energy use. Consequently, energy use 
intensities based on these indicators are calculated. There appears to be not much 
difference between the 4 and 5-star hotels with respect to their energy use intensity, 
but the 3-star hotels generally use less energy per unit floor area. The correlations 
between electricity consumption and outdoor temperature in the surveyed hotels are 
not as good as those found in office buildings. This indicates that the hotels are less 
“shell-dominated” than office buildings in the same region, and hence do not respond 
to changes of outdoor weather conditions as actively. Lastly, following the procedure 
described in the GHG Protocol Corporate Standard, CO2 emissions from the surveyed 
hotels are estimated and also normalized with some commonly used normalizing 
factors.  
 
The limitations in data availability have restricted more in-depth analysis from being 
carried out in some areas. For example, most hotels were unable to report the number 
of meals they served in restaurants, which is presumably well correlated with hotel 
gas consumption. In future studies, more efforts should probably be put into collecting 
these data. However, information on the main features and characteristics of the 
surveyed hotels is complete, which allows a relatively comprehensive investigation of 
their relationships with hotel energy use. Some of the findings are consistent with 
those reported in past studies, but discrepancies are somehow quite large in the others. 
While those that are consistent can be attributed to the common features and 
operations in hotels, the discrepancies often reflect the peculiarities that distinguish 
tropical hotels from hotels in other climates. 
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This chapter discusses benchmarking and the classification of hotel buildings based 
on their energy performance. Building energy benchmarking is an excellent tool that 
can motivate building owners to target high energy performance. Although it does not 
lead to direct improvements of energy efficiency, benchmarking can provide a 
measure of a building’s current energy performance in relation to that of the others, 
and can also give a reasonable target to achieve. Since the benchmarking of a 
building’s energy performance is determined by comparing it to its peers, some 
mechanism needs to be devised to factor out their physical and operational differences 
when comparisons are made. In this study, the “platform” of comparison for hotels is 
established using statistical regression techniques. They enable identification and 
normalization of the so called “uncontrollable” factors, and hence the final ranking 
system will not be biased against buildings with certain physical or operational 
features.  
 
Traditionally, building energy classification is based on the cumulative frequency 
distribution of building energy use intensity. However, it is found to be not so reliable; 
class boundaries are often determined rather arbitrarily, and the unbalanced class 
ranges can bring about a few problems. Therefore, a new method developed using 
clustering techniques is proposed for hotel building energy classification. This is 
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supported by a rigorous algorithm, and therefore avoids problems frequently 
encountered when traditional classification methods are used. The resulting 
classification method may be used as the basis for hotel building energy labeling.  
 
In the last part of the chapter, the Data Envelopment Analysis (DEA) method is 
applied to the hotel dataset with the intention of gaining some new insights in hotel 
building energy performance. It is not meant to be replacing the regression-based 
benchmarking, but rather a different perspective to look at the issue of energy 
efficiency in buildings.         
 
5.2 Hotel Energy Performance Benchmarking 
 
The definition of benchmarking given by the Oxford English Dictionary is “the action 
or practice of comparing something to a benchmark; evaluation against an established 
standard” (Oxford University Press, 2006). However, the purpose of benchmarking is 
not only to compare for the sake of evaluation, but also to learn for achieving 
improvements. The definition may take different forms in different application areas, 
but this purpose to make evaluation and improvement remains as the core. There is no 
exception with building energy benchmarking. It can be used as a performance 
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5.2.1 Scope of benchmarking    
 
One of the first steps for building energy benchmarking is to define a clear scope. It 
tells what is included and what is not, so as to avoid comparing entities defined quite 
differently. The surveyed hotels encompass many different functional areas, such as 
retail shops and restaurants. It is not unexpected that some of these areas are tenanted. 
Bordass (2005) suggested that landlord and tenant services should be benchmarked 
separately in multi-tenanted buildings, because the responsibilities for energy-related 
investment and management are often split this way. Indeed, this is a very sound 
argument. However, extraction of the energy used by tenants from the total is not 
always so straightforward. Tenants may have separate electricity and gas meters and 
pay bills directly to the utility companies, but in many cases they share public 
facilities and centrally provided services. Most of the tenants in the surveyed hotels 
use centralized air-conditioning provided by the hotels, and very often they pay a 
lump sum for this as well as other services. In other words, air conditioning energy 
use of the tenants is often not separately metered. Extracting it from the total based on 
estimation will bring to the benchmark more inaccuracies. Therefore, it was decided 
to include all energy consumption incurred in the hotel premises regardless of its end-
uses, i.e. by landlord or tenants. Naturally, the floor area referred to in this 
benchmarking practice also covers all, as defined by the Handbook on Gross Floor 
Area (URA, 2006).   
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5.2.2 Climate and weather corrections 
 
Climate correction accounts for the different energy use patterns of buildings in 
different climate zones. As noted by Bordass (2005), climate zones need not be 
specific administrative or geographic regions, they can also be based on heating or 
cooling degree-day contours. The California Commercial Building Energy 
Benchmarking, for example, combines the 16 climate zones in California into 4 
categories, and the building to be benchmarked can choose to compare with buildings 
in the same climate category or all categories (Kinney et al., 2003). The Energy Star 
hotel benchmark adopts another strategy, incorporating heating and cooling degree-
days as independent variables in the regression models (U.S. EPA, 2001). This is 
probably the most reasonable correction method for benchmarks covering large 
geographic and climatic regions. As a city state, however, Singapore has no climate 
variations across the country. Hence, there is no need to do climate corrections. But 
the need may arise in the future when the hotel database is expanded to include 
buildings from the neighboring countries like Malaysia and Indonesia.  
 
Whatever the local climate, variations in weather will cause energy consumption to 
change from year to year. Hence, weather correction needs to be done to factor out the 
impact of relatively severe or mild weather conditions experienced by the given 
building compared to the historical averages. As a result, building energy 
performance indicators constructed based on energy data from different years can be 
fairly compared. The Energy Star method makes use of regression techniques. A 
building’s monthly electricity consumption is regressed against the corresponding 
monthly average daily temperature. Based on the regression results, 30-year historical 
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values for monthly average temperatures are then used to normalize the building’s 
actual 12-month electricity consumption (U.S. EPA, 2001). In the previous chapter, 
regression analysis was conducted in the same way between electricity consumption 
and outdoor temperature, but in the surveyed hotels, less than half generated 
statistically significant regression models. Obviously, using insignificant regression 
models to normalize building energy use is not justifiable. Furthermore, the year-to-
year variations in weather conditions are not so large in Singapore. For most hotels, 
energy consumption data of 2004 was used in benchmarking, except for those with 
incomplete data in that year. In the later case, energy consumption data of 2005 was 
used instead. An unpaired t test was therefore conducted to compare daily mean 
outdoor temperatures of the two years. The difference was found to be insignificant at 
95 per cent confidence level. Due to the reasons discussed above, no weather 
correction was made in benchmarking hotel energy performance in Singapore.  
 
5.2.3 Secondary energy drivers 
 
Traditionally, floor area is the primary normalization variable for comparing building 
energy use. For the hotel industry, number of guest rooms can often be used as an 
alternative. The Energy Star hotel model, for example, correlated hotel energy 
consumption with number of guest rooms, since the database it used does not contain 
exact figures on building size. The analysis in the last chapter showed that both 
factors have very good correlations with hotel energy consumption, which indicates 
that both are viable as primary normalization factor. In the analysis of secondary 
energy drivers, floor area was selected as the primary normalization variable to keep 
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consistent with previous research work. The Singapore Urban Redevelopment 
Authority (URA, 2006) has very detailed guidelines on Gross Floor Area (GFA) 
calculation to guide the public in submitting development plans. Therefore, building 
GFA can be determined with relatively high accuracy.   
 
In addition to the primary drivers, there are also some secondary factors that cause the 
energy use of specific buildings to be higher than their peers. Pearson correlations 
between EUI and 21 variables as potential secondary drivers were calculated. The 
potential energy drivers cover both physical and operational aspects of hotel buildings, 
and were selected based on past studies. A list of these variables as well as their 
Pearson correlations with hotel EUI can be found in Appendix B.  
 
The highest figures are seen in STAR3 (dummy variable, differentiating 3-star from 4 
and 5-star hotels), WKDENS (worker density), RETROFIT (number of years after the 
last major retrofit) and WORKER (number of workers on the main shift), all 
significant at the 0.01 level; three correlations, FLOOR (number of floors), 
SDRMAREA (area of standard guest room) and AUDIT (dummy variable, energy 
audit performed during the last 5 years), are significant at the 0.05 level, while the 
others are insignificant. In general, hotel physical characteristics such as size, age, 
allocation of floor area and presence of particular building services equipment (for 
example, boiler and BMS) do not have very significant influence on hotel energy use 
intensity. It is not unexpected that STAR3 is highly correlated with hotel EUI, since 
ANOVA test in the last chapter also generated the same result. For the other 
significant factors, AUDIT and RETROFIT reflect a hotel’s degree of energy 
consciousness and the measures taken to improve energy performance; both 
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WORKER and WKDENS are related to the level of business activities, which will be 
discussed later in more detail.   
 
5.2.4 Determining predictive model 
 
Since distribution of energy use intensity is often found to be right skewed, many 
benchmarking models use logarithmic transformation to tackle the issue. This 
transformation is necessary if the skewness is large, in order to have more symmetry 
in data distribution, which is a desirable feature for statistical analysis. In view of this, 
test of normality was performed before determining the predictive model. It has been 
suggested that the ratio of skewness to standard error and that of kurtosis to standard 
error can be used as measures of normality. The normality assumption can be rejected 
if one of the ratios is less than -2 or greater than +2 (SPSS Inc., 1999). For the 
distribution of hotel EUI, the ratio of skewness to standard error and that of kurtosis to 
standard error are all centered at 0 (-0.0008 and -0.06). That means there is no need to 
do logarithmic transformation.  
 
The predictive model was determined based on a stepwise linear regression procedure 
performed by the statistical software package SPSS, with hotel EUI as dependent 
variable and the previously discussed 21 factors (Section 5.2.3 and Appendix B) as 
potential independent variables. Three of them were selected by the stepwise 
procedure to enter the regression model: WKDENS (worker density - number of 
workers on the main shift per 1000m2 of GFA), RETROFIT (number of years after 
the last major retrofit), and STAR3 (dummy variable, 0 for three-star hotels, and 1 for 
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high class four and five-star hotels). The relationship of hotel star rating and energy 
use intensity has been discussed before (Section 4.3.4); that of the other two factors 
are examined as follows.  
 
Figure 5. 1 Energy use intensity vs. worker density 





























A plot of EUI against hotel worker density is shown in Figure 5.1. The R2 of 0.45 
indicates that worker density alone is able to explain 45 per cent of the variations in 
hotel energy use intensity about the mean. As one can expect, with the increase of 
worker density, energy use intensity of a hotel also increases. Superficially, it is 
because hotel workers add energy demands to the hotels, since they are also energy 
users. A more important but less obvious reason is that worker density actually 
reflects a hotel’s level of business activities. If a hotel has more patronage (not only 
hotel room guests, but also customers to restaurants, shops etc.) and provides more 
services than its peers do, it will inevitably incur more energy consumption. In 
addition, worker density is often quoted as an indictor of hotel service quality in 
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hospitality management. Hence, it is an indication of both the quantity and quality of 
the services a hotel provides.  
 
As described previously, most old hotels have had major energy retrofit during the 
last decade or so. In many cases, these retrofits equipped them with advanced 
technologies one can find in contemporary new constructions. A good example is 
replacement of old chiller units with new and more efficient ones, which often result 
in great savings in cooling energy. It is not surprising that “number of years after the 
last major retrofit” has a significant correlation with hotel EUI. On the other hand, the 
correlation between building age and hotel EUI is not a significant one. This indicates 
that energy retrofits undertaken in the hotels have generally been effective in reducing 
energy use and improving energy performance.  
 
Anderson et al. (1997) used a flowchart to illustrate the process of transforming 
model inputs to outputs, which can be adapted to explain the differentiation of two 
types of inputs (factors) in energy benchmarking (Figure 5.2). The output, which is 
hotel energy performance in this case, is influenced by both controllable and 
uncontrollable inputs. The uncontrollable inputs are not readily amenable to energy 
management practices or system efficiency improvements. Hotel location and star 
rating, building age, local climate, allocation of floor area, level of business activity, 
to name a few, all belong to this category. In other words, there is nothing or very 
little a hotel manager can do to these factors in order to make energy performance 
improvements. On the other hand, the controllable inputs are at the discretion of the 
hotel manager, and certain decisions can be made related to these factors to achieve 
better energy performance, for example, carrying out energy retrofit, choosing more 
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efficient equipment among alternatives. In comparing energy performance of hotels, 
the uncontrollable inputs should be normalized if found to have significant influence, 
but the controllable inputs should be left out for the hotel manager to make 
improvements upon.      
 
Figure 5. 2 Process of transforming inputs into outputs (Anderson et al., 1997) 
 
 
The differentiation of controllable and uncontrollable factors helps to choose variables 
to be in the final predictive model. Apparently, star rating is beyond the control of the 
hotel manager and hence should be normalized. Worker density is related to the 
quantity and quality of services provided by the hotel; therefore it is not reasonable to 
expect a hotel manager to compromise on the services provided in order to achieve 
better energy performance. Nevertheless, retrofit decisions are totally at the discretion 
of building owners, hence it should not be chosen to enter into the predictive model 
for normalization. To put it in another way, there are no grounds to compensate an 
under performing building just because it has not done any retrofitting work for many 
years. Nor is there any reason to penalize a newly retrofitted and well performing 
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Therefore, regression was performed again, but with the remaining two independent 
variables, namely worker density and star rating. The final model, with an R2 of 0.73, 
can be expressed as follows. 
 
21 656.135281.2377.309 XXY −+=       (5.1) 
 
where, Y is the predicted EUI, X1 is worker density, defined as number of workers on 
the main shift per 1000 m2 of GFA, and X2 is a dummy variable, which is 1 if the 
hotel is a 3-star development and 0 if it is a higher class hotel (4 or 5-star). 
 
The regression residuals, which are the differences between what is actually observed, 
and what is predicted by the regression equation, can be looked as the “observed 
errors” if the model is correct. In performing regression analysis, certain assumptions 
about these errors are made; the usual assumptions are that the errors are independent, 
have zero mean, a constant variance, and follow a normal distribution. Draper et al. 
(1981) recommended some graphical means to check whether these assumptions are 
violated in the model. The residuals are plotted in a histogram as well as against fitted 
values and the predictor variables. These plots are attached in Appendix C. The 
histogram plot shows that the residuals follow an approximately normal distribution, 
and have zero mean. A close examination of the other plots reveals no abnormal 
patterns which will lead to the violation of the assumptions discussed above.  
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5.2.5 Normalized energy use intensity 
 
In comparing a building’s EUI with a benchmark, there are two mathematically 
equivalent methods of making adjustments; one can either adjust the benchmark or 
the building’s EUI, and the result would be the same (Bordass, 2005). Both methods 
of adjustment have been used in the existing benchmarking systems. For example, the 
Energy Star hotel model adjusted the benchmark for every building while keeping the 
building’s raw EUI unchanged (U.S. EPA, 2001). Chung et al. (2006) devised a 
different method, in which the cumulative distributional benchmark is fixed and 
adjustments are made to the building’s EUI before comparing one with the other to 
determine the grade. This study adopts the second method, and building raw EUI is 
adjusted to generate normalized EUI, which then forms the basis of a cumulative 
percentile distributional benchmark.  
 
The two independent variables are first standardized using Equation 5.2:  
 
S
XXX −=*           (5.2) 
 
where X  and S denote the mean and standard deviation of X. Regression is then 
performed again, but with the standardized Xs (X*s) as independent variables, which 
results in the Equation 5.3.  
 
*092.52*567.51007.427 21 XXY −+=        (5.3) 
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038.6567.51 210 XXEUIEUInorm      (5.4) 
 
where, EUInorm denotes hotel normalized EUI, EUI0 is the raw EUI, i.e. total amount 
of delivered energy divided by GFA, and X1, X2 have the same denotations as those in 
Equation 5.1.  
 
The predicted EUI (Y in Equation 5.3) will be equal to the mean (427kWh/m2) if X1* 
and X2* are set to zero (i.e. X1 and X2 set to their respective means). Hence, EUInorm 
can be regarded as a performance indicator which has factored out the influence of the 
secondary drivers (X1 and X2). In other words, the part of variations in hotel EUI 
about its mean value, which is attributable to worker density and star rating, is now 
removed. The rest of the variations can thus be attributed to the difference in energy 
efficiency across different hotels.  
 
The percentiles (2%, 4%...100%) of hotel normalized EUI are calculated and plotted 
in Figure 5.3 as a cumulative distributional benchmarking curve. For the convenience 
of comparison, it can also be made a benchmarking table. To get benchmarked, a 
hotel should first calculate raw EUI based on its energy consumption and GFA. It will 
then be adjusted using Equation 5.4 to obtain the normalized EUI (EUInorm). The final 
step is to compare this EUInorm to the benchmarking curve or table to find out its 
percent ranking within the cumulative distribution curve. 
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Figure 5. 3 Hotel cumulative distributional benchmarking curve 
 
 
5.3 Hotel Energy Classification 
 
By benchmarking, a building can locate itself on the benchmarking curve and 
determine its relative standing in relation to the building stock. Those located at the 
two ends often identify themselves as efficient or inefficient buildings, but for 
buildings in between, no clear-cut conclusion like that can be easily made. For an 
individual building, knowing its energy performance is better than, say, 40 per cent 
(or worse than 60 per cent) of its peers in the building stock may create some impetus 
for it to make improvements. But by defining energy classes, the improvement efforts 
can often have much clearer objectives. Buildings will target to move from a lower 
class to a relatively higher one by energy management or retrofit practices, rather than 
having a vague or sometimes unrealistic goal which is hardly verifiable at the end. 
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efficiency for the whole building stock, classification can create the “pulling effect” if 
buildings in the top classes are acknowledged or rewarded in some way. Moreover, 
building energy certification scheme such as that being implemented under the EU 
Energy Performance of Buildings Directive (EPBD) Article 7.3 actually makes 
building energy classification an indispensable step (OJEC, 2003).  
 
5.3.1 Traditional classification methods 
 
Two key issues in classification are number of classes and criteria for determining 
class boundaries. The simplest classification is, of course, a dichotomous one. And 
very often, two classes split right in the middle; therefore one is above and the other is 
below the mean or median value. The Asset Rating scheme of EPLabel suggests using 
the statutory requirement as class boundary. Therefore, new constructions will either 
pass or fail depending on whether the requirement is fulfilled (Bordass, 2005). 
Building energy labeling schemes like Energy Star often set a single threshold at the 
25th percentile; the top 25 per cent can get the label, while for the rest 75 per cent, 
improvements are needed before they become eligible. This can actually be viewed as 
a kind of eligibility classification. Federspiel et al. (2002) argued that the 25th 
percentile is expected to be the level required for compliance with energy codes. 
However, no statistical evidence was provided to support this argument. Besides, it is 
also doubtful that as much as 75 per cent of the buildings are not up to the 
requirements set by energy codes. Instead of having a single threshold, the whole 
stock can also be divided into a few classes, for example, the 25th, 50th and 75th 
percentiles will divide the building stock into four classes of equal percentile 
CHAPTER 5 HOTEL ENERGY BENCHMARKING AND CLASSIFICATION 
 100
frequency. The CEN Standard recommends a 7-grade A to G building classification 
scheme, which defines boundaries based on two benchmarks: a component based 
parametric benchmark representing the regulation compliant level, and the median of 
a statistically-based benchmark for the building stock. This CEN grading scheme was 
applied to 2019 secondary schools in England and the distribution of the resulting 
classes were found to be reasonably uniform, suggesting that the boundaries were 
appropriately designated (Cohen et al., 2006).    
 
5.3.2 Applying traditional method to hotels  
 
While most energy classifications only use statistical benchmarks when defining class 
boundaries, the CEN grading scheme incorporates the regulation requirement as well. 
Building codes and regulations are made more and more stringent in many countries. 
They help create the “pushing effect”, which presses the construction industry to 
adopt innovative technologies and designs, so that energy performance of the whole 
building stock (especially that in new buildings) will be boosted. On the other hand, 
this constant increase of stringency also makes many old buildings lagging behind the 
regulation requirement. The CEN grading scheme presumes that the regulation 
compliant value is smaller than the building stock’s median, indicating that only less 
than half of the existing buildings can meet the regulation requirement on energy use. 
Truly, by incorporating the statutory requirement, this scheme actually avoids a 
situation, in which the seemingly best performers are put into the top classes simply 
because they top an under performing building stock. In this sense, it is more 
reasonable and robust than most of the other classification methods.  
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However, the component based parametric benchmark required by the CEN scheme is 
often hard to come by, unless the operational performance of a building completed 
strictly according to the regulations are known. Lacking this information, 
classification has to be performed based solely on statistical data, but new techniques 
for defining class boundaries can be employed, as will be discussed later. However, 
before moving to that, the hotels are first classified according to the equal frequency 
method, i.e. dividing the whole stock into equal percentile bands, so that a comparison 
between the traditional and the novel methods can be made to identify their respective 
pros and cons.  
 
As discussed, if a building stock is to be divided into four classes with the equal 
frequency method, the 25th, 50th and 75th percentiles of the distributional benchmark 
will be class boundaries. This classification method was applied to the hotel data. The 
four classes defined are illustrated in Figure 5.4.  
 
As can be seen, the most distinct feature is the disproportional class bands; while 
Classes A, B, C are reasonably uniform, Class D covers a band that alone is larger 
than the sum of the other three. This is not unexpected, knowing that right skewness is 
often present. However, the large band of Class D may give rise to some practical 
problems. Building owners will likely to be discouraged from doing energy retrofit, 
thinking the gap is too large to be bridged. Or, viewing the non-uniform classification, 
distrust of its validity may arise. Furthermore, the boundary between Class B and 
Class C (50th percentile) can also be quite problematic, where buildings are highly 
concentrated because of the intrinsic distributional characteristic. For many in these 
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two classes, their class memberships might be very sensitive to small changes of 
energy use, which inevitably makes the classification rather unstable.  
 
Figure 5. 4 Hotel energy classification defined with the equal frequency method 
 
 
5.3.3 Classification with clustering techniques 
 
In view of the drawbacks in traditional classification procedures, a novel method 
based on clustering techniques was applied to the hotel data as an attempt to obtain a 
more reasonable energy classification. Technically speaking, the idea behind 
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under consideration and combine similar entities into the same clusters while keeping 
dissimilar entities in different clusters (Mirkin, 2005). However, implementation of 
the idea is by no means straightforward. A host of decisions has to be made, such as 
determining cluster variables and their relative weighting factors, choosing the 
appropriate clustering algorithm. Moreover, different choices on these issues 
frequently lead to quite different results.  
 
Clustering techniques are widely used in some disciplines, such as biology, 
psychology and computing, whereas not many attempts have been made to apply 
them in building energy studies. Briggs (1990) performed clustering analysis to 
categorize the U.S. building stock, so that detailed simulation studies can be carried 
out for the typical buildings in each category. A total of 12 variables, representing 
building characteristics, climate conditions and building component energy loads, 
were chosen as cluster variables. After performing the clustering analysis, each of the 
1139 office buildings was assigned to one of the 20 groups. Santamouris et al. (2006) 
developed an energy rating scheme for 320 schools in Greece using intelligent 
clustering techniques. The schools were classified based on their total and heating 
energy uses, and clustering techniques were found to be better than the traditional 
equal frequency procedure in performing this task.   
 
Considering the hotel sample size, the degree of freedom will become very small if 
clustering is performed with multiple dimensions. To avoid having too many 
complications, clustering techniques were applied to the data set with hotel 
normalized energy use intensity as the only cluster variable. Clustering algorithms are 
often categorized as being hierarchical or partitioning; hierarchical algorithms find 
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successive clusters using previously established clusters, whereas partitioning 
algorithms determine all clusters at once. A hierarchical structure is of no interest in 
this case; therefore a partitioning algorithm should be more desirable. Fuzzy c-means 
algorithm was chosen to perform the clustering analysis. This algorithm is frequently 
used in pattern recognition, and it often shows more robustness and stability than 
many other clustering algorithms. Appendix D contains the codes for performing c-
means clustering, which makes use of the fuzzy clustering toolbox in MATLAB and 
is able to accommodate scenarios having up to five clusters. After executing the codes 
with the option of having 4 clusters, the clustering obtained is as shown in Figure 5.5. 
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A plot similar to Figure 5.4 except that the classes are defined by using clustering 
techniques is shown in Figure 5.6. Apparently, there is more uniformity in terms of 
class ranges compared to those defined with the equal frequency method.  
 
Figure 5. 6 Hotel energy classification defined with clustering techniques 
 
 
To allow for a more direct and clearer comparison, classes defined using the two 
techniques are plotted together and the ranges of classes are also listed against each 
other (Figure 5.7). As shown, the two narrow classes (B and C) defined using equal 
frequency technique (EFT) are expanded, and the large class (D) has shrunk 
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in these classes will be less affected by insignificant changes like measurement errors. 
On the other hand, the more balanced classes remove (or at least alleviate) the 
problem related to classes with very large energy ranges. Besides these practical 
considerations, the clustering based method is also more desirable because it is 
supported by a robust algorithm.   
 
Figure 5. 7 Comparison of class ranges generated by two classification methods 
 
 




As discussed in chapter 3, data envelopment analysis is a technique for measuring 















A 42 36 
B 25 55 
C 32 65 
D 120 63 
Total 219 
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efficiency and productivity are used interchangeably, although some texts do 
differentiate these concepts on a rather subtle level. Traditional productivity measures 
in ratio form are found to be inadequate in dealing with real world situations with 
multiple inputs and/or multiple outputs. The measures are often biased because ratio 
weights attached to inputs and/or outputs are usually assigned arbitrarily (Lancer, 
1999). DEA models, however, derive weights empirically from the data, which makes 
the results more objective. While regression techniques can also handle models with 
multiple inputs or multiple outputs, the assumptions associated with their functional 
forms do not always hold. Besides, regression analysis is an average method, and 
every unit is compared to the average level estimated by the regression model. DEA 
has no equivalent requirements on functional forms, since it is a non-parametric 
method. And the relative performance of each DMU (Decision Making Unit) is 
determined in connection with real DMUs on the boundary. On top of that, DEA 
offers the additional advantage of being able to identify the sources of inefficiencies 
by highlighting which resources are being used in excess (Thanassoulis, 1993). 
 
5.4.2 Theoretical background 
 
The ground breaking work of DEA came from Charnes et al. (1978) who proposed a 
nonlinear programming model to evaluate activities of not-for-profit entities 
participating in public programs. There has been a rapid growth in the field since then, 
with new models developed and application areas expanded. Essentially, the various 
models for DEA each seek to establish which subsets of n DMUs determine parts of 
an envelopment surface. The geometry of this envelopment surface is prescribed by 
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the DEA model employed, specifically, the returns-to-scale assumed (Charnes et al., 
1994). The CCR (Charnes-Cooper-Rhodes) model, for example, is built on the 
assumption of constant returns-to-scale, and hence has a cone-shaped feasible region, 
whereas, that of the BCC (Banker-Charnes-Cooper) model is a convex hull, since the 
model assumes variable returns-to-scale. These two models also have the option of 
choosing the orientation of optimization (between input-oriented and output-oriented). 
But other models like the Additive model combine the two orientations, minimizing 
input and maximizing output simultaneously. To explain the theoretical basics of the 
DEA methodology, the CCR model (input-oriented) is taken as an example in the 
following discussions. More details about DEA theories, concepts and models can be 
found in standard textbooks including those listed in the references. It is beyond the 
scope of this text to go into the very detail about all these aspects.  
 
As discussed previously, the essence of DEA method is to transform a situation of 
multiple inputs and multiple outputs to that of a single “virtual” input and a single 
“virtual” output. For every decision making unit (DMUo), the following fractional 
programming problem needs to be solved to obtain the optimal input weights (vi) and 
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where ε is a non-Archimedean number (ε > 0). This ratio form of the problem has an 
infinite number of optimal solutions. Therefore, a transformation is made, which 
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The duel form of this problem can be expressed with a variable θ and the slack 
variables (input excesses s- and output shortfalls s+): 
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In practice, this duel problem is usually solved in two phases. The first phase 
discovers the optimal θ, which ranges over 0 and 1. In the second phase, the possible 
input excesses and output shortfalls are identified. A DMU is efficient if and only if 
the following two conditions are satisfied: a) θ* = 1, b) all slacks are zero (s-*= 0 and 
s+* = 0). Otherwise, it is deemed as inefficient. The efficiencies and inefficiencies of 
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DMUs can be best explained with a plot of Charnes et al. (1986), which is reproduced 
in Figure 5.8.    
 
Figure 5. 8 Efficiency and inefficiency characterizations relative to unit isoquant 
(Charnes et al. 1986)  
  
 
For simplicity the representation is confined to 1 output and 2 inputs with the solid 
line and its broken line extensions through F corresponding to the unit isoquant. All of 
the points E, E’ and F are on the frontier and have optimal θ values of unity. But 
unlike E and E’, the points F have non-zero slacks and hence are not CCR-efficient. 
The other points (NE, NE’ and NF) have their optimal θ less than 1 and each can 
therefore be associated with a new DMU on the unit isoquant (NE’ to E’, for 
example), which has the same output vector but the input vector is θ times the old one. 
The abovementioned two-phase solution to the duel problem can also be better 
explained with the help of this plot. Take points NF as an example. The first step is to 
E’ 
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discover the optimal θ value (θ* < 1). By multiplying all of the inputs with θ*, an NF 
point will be modified to the corresponding F point on the frontier. Next, the non-zero 
slack (illustrated as EF in the plot) needs to be removed, which ultimately brings the 
point onto the efficient frontier. Points E and E’ are all on the efficient frontier, but 
they differ from each other with respect to the dimension of optimizing multipliers (u, 
v in Equation. 5.4). For the purpose of this specific application, there is no need to go 
into great depth on this issue. Hence, it can be put in a rather simplified manner: the 
sets of optimizing multipliers for points E have the maximum number of dimensions, 
while those of points E’ have less.  
 
5.4.3 Constructing efficiency model 
 
In the design of a relative efficiency model, as in any statistical model, the choice of 
variables needs to be justified. It is also important to note that inputs and outputs 
specified for a DEA model do not need to strictly follow the concepts in productivity 
analysis. Ramanathan (2005) selected CO2 emissions and fossil fuel energy 
consumption as inputs, and non-fossil fuel energy consumption and GDP as outputs 
when studying the energy consumption and CO2 emissions of 17 countries. 
Apparently, CO2 emissions cannot be considered as an input to produce GDP in the 
traditional sense. In another study conducted by the same researcher (Ramanathan, 
2006), non-fossil fuel energy consumption was taken as the input, while GDP and the 
reciprocal values of CO2 emissions were outputs. There seems to be no universally 
accepted principle in choosing model variables, except that inputs should be 
minimization indictors and outputs should be variables for maximization.  
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In the hotel industry, the problem is even more challenging because only a limited 
number of attributes are standardized and many intangible features cannot be 
measured directly (Wober, 2002). Very often, only financial indicators are chosen as 
inputs and outputs in constructing DEA models. For example, Anderson et al. (2001) 
computed relative efficiencies of 48 U.S. hotels by using a DEA model with total 
hotel revenue as input and six operational costs as outputs. The study conducted by 
Onut et al. (2006), on the other hand, aimed to assess the relative energy efficiency of 
32 Turkish hotels. Therefore, energy consumption (registered separately according to 
energy source, i.e. electricity and LPG) was chosen together with the other two 
variables (number of employees and water consumption) as inputs. The three outputs 
are occupancy rate, annual total revenue, and total number of guests. The DEA model 
rated 8 hotels as efficient; for the 24 inefficient hotels, the amount of resources they 
ought to reduce were calculated accordingly.   
 
Avkiran (2002) suggested a process of first identifying the outputs and then 
discovering what is needed to produce these outputs. In this study, however, a reverse 
procedure was taken, since energy consumption had already been identified as input. 
The three energy sources, electricity, gas and diesel could have been accounted 
separately had diesel been consumed in all hotels. But zero values for a variable are 
not suitable in DEA because in this case they will represent a perfect input for hotels 
not consuming diesel. Therefore, fossil fuel energy consumption (kWh/m2), which 
combines gas and diesel, was chosen as an input. Naturally, electricity consumption 
(kWh/m2) is another input. Variables like CO2 emissions and number of workers were 
also considered as input candidates. Nevertheless, CO2 emissions are highly 
correlated with electricity consumption (Pearson correlation over 0.9), which means it 
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would be a redundant variable if included in the efficiency model. Besides, it was 
noted by Avkiran (2002) that reducing the number of workers in upmarket hotels for 
the name of raising productivity is likely to lower the quality of customer services 
their clientele expect. As discussed, many of the surveyed hotels can be classified as 
in the upmarket category, and compromise on service quality is therefore unlikely to 
be tolerated.  
 
The direct outputs of electricity consumption, for example, should be the provisions 
of air-conditioning, lighting and so on, depending on what it is used for, which 
ultimately lead to the hotel guests’ thermal, visual and other comforts. Unfortunately, 
none of these factors is tangible or measurable, which renders it difficult to 
incorporate them in any efficiency models. Therefore, indirect indicators were sought. 
As a result of this process, the two secondary normalization factors identified in 
regression analysis, worker density and star rating, were selected, with the latter 
included in the efficiency model as an uncontrollable output. For details on how 
uncontrollable input/output is treated in DEA, the reader may refer to textbooks such 
as Cooper et al. (2006). It is assumed that these two variables, as explained earlier in 
detail, reflect both the quality and quantity of customer services provided. Hence, they 
are logically linked to the abovementioned hotel guest comforts, and consequently the 
inputs chosen. Certainly, it is also possible to construct an efficiency model 
containing some financial performance indicators. These have been used and 
illustrated by Onut et al. (2006) and Avkiran (2002). However, using financial 
indicators to gauge energy performance may be considered controversial, with some 
of these practices challenged as using financial success to justify excessive energy use.  
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As in statistics or other empirically oriented methodologies, there is also a problem 
involving degrees of freedom in DEA. A rough rule of thumb which can provide 
guidance is as follows (Cooper et al., 2006): 
 
n >= max {m × s, 3 (m + s)}       (5.7) 
 
where n = number of DMUs, m = number of inputs, and s = number of outputs. 
 
For this study, it is very obvious that the selection of inputs and outputs in relation to 
the number of DMUs will not violate the rule.  
 
5.4.4 Results and discussion 
 
The hotel efficiency model so constructed was executed using the DEA software 
DEA-Solver-LV (Learning Version), which includes all common DEA models and 
can solve problems with up to 50 DMUs. While the “Professional Version” does not 
have the problem-size limitation, this “Learning Version” has proven to be sufficient 
for the study. The model selected in DEA-Solver allows for non-controllable variables 
and assumes constant returns-to-scale and input minimization. After the necessary 
data preparation, efficiency scores were computed for each of the 29 DMUs, which 
are plotted in Figure 5.9. A total of 7 DMUs were identified as efficient, which 
include three 5-star, two 4-star and two 3-star hotels. It appears that the efficient 
DMUs distribute quite evenly across hotels of different star ratings. But 
proportionally, 3-star hotels outperform 4 and 5-star hotels, because 40 per cent of (2 
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out of 5) 3-star hotels are rated as efficient, while only 15 per cent (2 out of 13) and 
27 per cent (3 out of 11) for 4 and 5-star hotels. The mean efficiency score for all 
DMUs is 0.88, with the highest score of 1 and the lowest score of 0.61. The remaining 
22 inefficient DMUs need to reduce their input values for achieving DEA efficiency. 
Besides the efficiency scores, input excesses were also computed for these hotels. 
 
Figure 5. 9 Hotel efficiency scores computed by using DEA technique 














Efficiency score  
 
Figure 5.10 and Figure 5.11 show the actual and projected values of the two model 
inputs. The full height of each column represents the electricity or fossil fuel energy 
actually used. For an efficient hotel, it is equal to the projected value. On the contrary, 
a hotel identified as inefficient needs to break down the actual energy use into two 
parts; one is the amount a hotel is expected to reduce, and the rest represents the level 
of efficiency determined on the basis of the hotel’s outputs, i.e. the projected value. 
As an example, Hotel 2 needs to reduce its electricity consumption by 83kWh/m2 
(from 449kWh/m2 to 366kWh/m2) and fossil fuel energy consumption by 10kWh/m2 
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(from 55kWh/m2 to 45kWh/m2) in order to move onto the efficient frontier and thus 
have an efficiency score of unity. The same applies to the other inefficient hotels, 
although the amounts they need to reduce on individual energy sources are usually 
different.   
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Although both DEA and regression analysis (RA) can be used as means to evaluate 
relative efficiency, the two methods are based on very different assumptions. 
Therefore, each technique provides an alternative angle; one may look at the issue of 
building energy efficiency from each angle and obtain new insights. This also 
indicates that using one technique to verify results obtained by applying the other is 
not very meaningful, because when doing so, one presumes the assumptions made by 
two approaches are tantamount. On the other hand, comparing the results obtained 
from the two different methods can also be meaningful, if the purpose is to dig more 
information that would otherwise not be available.  
 
Hoping for the latter, the hotel efficiency scores are compared to the corresponding 
percent rankings determined through regression analysis. To facilitate comparison, the 
DEA efficient hotels as well as three “least efficient” ones are summarized in Table 
5.1. They are denoted by the same numbers as those in the Figures above. In general, 
there is more agreement than discrepancy when the results obtained through the two 
methods are compared. The three hotels identified as “least efficient” in DEA are also 
at the bottom when rated by the percent rankings. The top four DEA efficient hotels 
are all above the top quartile (25 per cent) in percent ranking. However, relatively 
large discrepancies are seen in the remaining three efficient hotels, especially in Hotel 
9 and 19 (shadowed), which are DEA efficient but only have near average rankings in 
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Table 5. 1 Comparing DEA scores with corresponding RA rankings 
Hotel 18 4 11 28 26 19 9 13 21 23 
DEA score 1 1 1 1 1 1 1 0.67 0.66 0.61
RA ranking 7% 11% 14% 21% 28% 50% 57% 93% 100% 96%
Star rating 4 5 5 3 3 4 5 4 4 4 
 
The discrepancies can firstly be attributed to the intrinsic differences between the two 
methods. As discussed, one is an “average” method, and the other is a “frontier” 
method; they have different reference sets for individual data points, even if the inputs 
and outputs are exactly the same. Secondly, the selections of inputs and outputs in 
DEA (dependent and independent variables in regression analysis) are not the same. 
In the DEA efficiency model, energy consumption was split into electricity and fossil 
fuel energy, while it was counted as one variable in regression analysis. The two 
methods also treated the information about star rating quite differently. Due to its 
categorical nature, it was included in the regression model as a dummy variable, 
which differentiates 3-star hotels from their high-class counterparts. This information 
was treated in DEA as a non-controllable output, which made differentiation among 
hotels of all classes (3, 4 and 5-star).  
 
Since DEA is non-parametric, if one of the DMUs is taken out of the analysis or a 
new DMU is added, the solution to the previous analysis is no longer valid, because 
the reference set has changed. Adding or removing data points will also affect the 
outcome of regression analysis, but the influence is usually much smaller, and a 
regression model established on a set of data can therefore be used to make 
predictions for new data points. In addition, regression analysis discriminates between 
“efficient” DMUs, while DEA cannot do this discrimination. However, DEA also has 
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some distinct advantages over regression analysis. It determines the efficiency score 
of a DMU in relation to a reference set made up of other DMUs, but not a statistical 
construct (average) as in regression analysis. In other words, the inefficiencies 
identified for a DMU can be demonstrated with reference to the efficient DMUs. 
Furthermore, if necessary, more inputs and outputs can be included in a DEA 
efficiency model, as far as the requirement on degree of freedom is satisfied. In this 
study, energy consumption can be further decoupled, so that energy use of every 
major system can be a separate input. As a result, the inefficiencies identified can be 




Building energy benchmarking is much more than comparing energy consumption of 
buildings. In fact, making simple comparisons ignoring the dissimilarities of different 
buildings often give rise to misleading results. Therefore, the factors that contribute to 
the variations of energy use in different hotels are first identified using a stepwise 
procedure. Distinction is made between controllable and uncontrollable factors that 
drive hotel energy consumption. The former actually represents the areas where 
efforts on energy efficiency improvements should be directed, while for the later, it is 
usually beyond the ability of building owners to make efficiency improvements, and 
hence normalization should be made to factor out their influence when hotel energy 
performances are compared. The cumulative distributional benchmark established in 
this way offers a fair platform to determine hotel energy efficiency, therefore setting 
the first step in achieving higher performance.   
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In view of the drawbacks in the traditional classification methods, a new building 
energy classification method based on clustering techniques is devised. Instead of 
cutting the whole range into a few segments by designated percentiles, the new 
method seeks to discover “clusters” existing naturally in the data set. The resulting 
classification is found to be more stable and reliable, and classes (clusters) determined 
in this way are more balanced compared to those obtained by using the equal 


















CHAPTER 6 CONCLUSION 
CHAPTER 6 CONCLUSION 
 
This chapter summarizes the research objectives, research design as well as the main 
results of data analysis. Contributions made by the study are then presented. 
Agreements as well as disagreements with previous research work are noted. Also 




Improvement of building energy performance can bring many benefits. Firstly, 
building owners will enjoy lower operation costs as a result of reduced utility bills. 
Secondly, it alleviates the pressure on national energy supply. The operation of 
buildings accounts for a large proportion of a nation’s total energy consumption. In 
Singapore, for example, building electricity use made up 30 per cent of the total 
electricity consumption in 2004 (NEA, 2006). Therefore, overall reduction of energy 
consumption in the building sector will lead to great savings on the national scale. 
Thirdly, less energy use also means less pollutants and greenhouse gases from power 
generation and transmission. Evidently, this will benefit our immediate living 
environment as well as the global environment.  
 
To come by these benefits, first and foremost one must understand building energy 
performance and provide a fair and objective mechanism for performance evaluation. 
For an individual building, a detailed energy audit will enable discovery of where and 
how the energy is used. Actions can then be taken if excessive energy uses are 
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identified. But this process is often expensive and time-consuming. In addition, if 
clearly defined performance metrics are lacking, ambiguities often emerge no matter 
how detailed the energy audit is. For the whole building stock, on the other hand, 
establishing an energy benchmarking or classification scheme will be more effective, 
since it allows buildings to carry out quick energy performance evaluation with 
minimal efforts in data collection.  
 
The research objectives were determined in relation to the above considerations. They 
are as follows: 
 
¾ To obtain a comprehensive understanding of energy performance in tropical 
hotels by examining in detail the influences of various physical, operational 
and environmental factors to hotel energy consumption.  
 
¾ To develop a building energy benchmark using statistical regression 
techniques, with which hotels can determine their relative standings in the 
stock with respect to energy performance.  
 
¾ To gain new insights into hotel building energy efficiency by applying to the 
collected hotel data some non-traditional techniques for efficiency study, i.e. 
intelligent clustering analysis and data envelopment analysis.  
 
To achieve these objectives, a survey was conducted aiming to obtain a representative 
sample of hotel buildings. The methods used for data collection include questionnaire, 
telephone and face-to-face interview, and site visit. These means of data collection 
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complemented with each other. The latter approaches also served as means of data 
verification. The sample has a good coverage of the population in terms of hotel age 
and capacity, but is probably a bit biased towards high-class hotels, since the majority 
in the sample is 4 and 5-star hotels.  
 
After the data was collected and verified, detailed analyses followed. As expected, 
electricity is the main energy source, but gas is also consumed in all hotels. Besides, 
some hotels also use diesel to generate hot water and steam or for standby power 
generation. In hotels where the energy consumption of chiller plant could be 
determined, it was found to account for over one third of the total electricity use. This 
clearly indicates the impact of cooling energy demand on total energy use in tropical 
hotels.  
 
From detailed correlation analyses, floor area was found to give best correlation with 
hotel energy consumption. Therefore, energy use intensity in the form of kilowatt 
hour per square meter was used as the basis for energy benchmarking and 
classification. The relationship between energy use and occupancy has been described 
as nebulous. Both cross-sectional and longitudinal studies were conducted for the 
surveyed hotels. But the proposed exponential model was found not to fit the hotel 
data well.  
 
In addition, the effect of weather conditions on hotel electricity consumption was also 
investigated. A simple linear regression model was postulated to correlate electricity 
use in hotels with outdoor air temperature. Significant correlations were discovered in 
13 hotels, but the coefficients of determination are generally low. Further, based on 
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their energy consumption, greenhouse gas emissions from individual hotels were 
estimated. This information can be used together with other indicators like wastewater 
discharge to evaluate a hotel’s overall environmental impact.    
 
To establish a benchmark that can account for the secondary energy drivers, 
regression techniques were used, so that the significant factors could be identified and 
subsequently normalized. With a step-wise selection procedure and informed 
judgment, two variables (worker density and star rating) were chosen from a total of 
21 factors to enter the final predictive model. They can explain 73 per cent (R2 = 0.73) 
of the variations in hotel energy use intensity about the mean. And the rest of the 
variations can therefore be attributed to the difference of energy efficiency in different 
hotels. Also with regression techniques, the hotel raw EUIs were adjusted to obtain 
normalized EUIs, based on which a cumulative distributional benchmarking curve 
was generated. As targeted, hotels may use this benchmark as a tool to determine their 
energy performance in relation to peer hotels in the whole building stock.  
 
In view of the drawbacks inherent in the traditional energy classification methods, a 
new approach established on clustering techniques was devised and applied to the 
hotel data. While the traditional methods often determine class boundaries arbitrarily 
irrespective of the intrinsic data structure, the new method discovers natural clusters 
existing in the data. For comparison purpose, hotel energy classes were determined by 
using both the traditional equal frequency method and this new approach. The 
classification produced by the new approach was found to be more uniform, and class 
memberships of hotels more stable.  
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Although DEA has a great variety of applications, studies using it for building energy 
efficiency assessment have been rare. The technique was used in this study to evaluate 
hotel relative energy performance. A DEA based efficiency model was first developed, 
which made it possible to distinguish efficient hotels from inefficient ones. After 
executed with a specifically designed DEA software program, seven hotels were 
found to be DEA efficient, whereas the rest are inefficient. Moreover, the amounts of 
excessive energy use were also calculated for the inefficient hotels, which can be set 




Firstly, this study established a building energy benchmark, which allows hotels to 
carry out energy performance evaluation before making investment in more detailed 
energy audit or retrofit practices.  
 
Secondly, the hotel energy classification generated in this study can be the basis of an 
energy rating or certification program. Such programs will create the momentum for 
energy performance improvement in the building stock. 
 
Thirdly, the results of data analysis may be of interest to policy makers or those who 
are responsible for code making. The current building codes in Singapore have very 
few mandates specific to hotel buildings. Good practices discovered in the study may 
be taken as references in future revisions of building codes and regulations.  
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Lastly, since most research work of hotel energy performance was conducted in cold 
or temperate climates and rarely in tropics, this work is one of the first comprehensive 
energy performance studies done in tropical hotels. Therefore, it is expected that some 




As discussed in previous chapters, the Energy Star hotel benchmarking defined hotel 
amenity groups, and separate statistical models were developed for each of the 
defined categories. Obviously, the advantage is that hotels are in more homogeneous 
groups, and therefore they compare to those most comparable in the industry. 
However, a similar categorization introduced into this study would result in too less 
hotels in each category, and subsequently statistical analysis would be hard to carry 
out. On the other hand, since star rating was found to be significantly correlated to 
hotel energy use, it was taken into account in the predictive model using a dummy 
variable. This method is also statistically sound, but developing separate models for 
hotels having different amenities will surely be more meaningful, and will probably 
reveal more information than can be discovered with a single model.  
 
Although data collection was conducted with a few complementary methods, there are 
some important variables such as chiller plant efficiency and number of meals served 
in restaurants, about which hardly any hotel could provide the required information. 
And no attempt was made to determine the system level energy consumption, i.e. 
breaking down the total energy consumption into energy use of each building system. 
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The study would have been more complete and in-depth had measurements been 
carried out to determine some of these variables.     
 
6.4 Suggestions for future research 
 
Future research work may target to expand the scope as well as dig into more depth. 
The sample size should be increased if more time and efforts can be put into data 
collection. For the benchmark, as discussed previously, this will probably allow for 
hotel categorization and development of statistical models separately for more 
homogeneous hotel groups. Collecting data from some lower-class hotels should also 
be part of the sample enlargement effort, since the current database only contains 
high-class quality hotels. Besides, if the benchmark is to cover hotels from other 
countries, say the neighboring tropical countries, a mechanism for doing climatic 
corrections is likely to be necessary. It will also be very interesting to compare the 
design, operation and other aspects of hotels in different countries, and assess the 
possibility of borrowing good practices discovered from one to the other.  
 
Also, studies can be conducted with a narrower focus specifically on hotel air 
conditioning systems. Cooling energy demand accounts for the largest proportion of 
total energy consumption in tropical hotels. Consequently, the greatest energy saving 
potential is often found in this area. Air conditioning in hotels has some distinct 
features and requirements. Understanding the operations of different systems (chiller, 
AHU, FCU, etc.) in relation to these features, strategies can be made to optimize the 
overall operational efficiency.  
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A detailed case study can be costly, because continuous monitoring of the major 
energy consuming systems is usually needed. However, it provides a more complete 
and accurate energy performance evaluation. Furthermore, with building energy 
simulation, savings that may be derived from energy management or retrofitting 
practices can be predicted. The technological feasibility and cost effectiveness of 
integrating renewable energy sources in hotel buildings can also be assessed. If they 
are found to be feasible in both regards, hotels can be constructed as fully or partially 
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APPENDIX A: QUESTIONNAIRE ON ENERGY 
PERFORMANCE OF HOTEL BUILDINGS IN 
SINGAPORE 
 
                                                                                  
Name of the Hotel:  
Name of Owner and Management Company: 
Address: _________________________________ 
   _________________________________ 
Officer-In-Charge:                  
Tel. No.:                 Fax No.:              
E-mail address:                                 
_____________________________________________________________________ 
Instructions: 
1. Please complete the questionnaire by answering ALL the questions given. 
If the relevant information is not available, please indicate N/A. 
2. Where data is required, please furnish the latest accurate data. 






1. Building Energy Use 
1.1 Please tick fuels used in the hotel; for those other than electricity, please also 
indicate their usage (gas for cooking, for example).  
 
  Electricity 
   Gas:                          
   Diesel:                        
   Others:                        











(kWh) Gas (kWh) Diesel (liter) Others  
Jan         
Feb         
Mar         
Apr         
May         
Jun         
Jul         
Aug         
Sep         
Oct         
Nov         
Dec         
Year 
Total         
Remarks: 
Jan         
Feb         
Mar         
Apr         
May         
Jun         
Jul         
Aug         
Sep         
Oct         
Nov         
Dec         
Year 
Total         
Remarks: 
Note:  
1. In case energy data of the past two years are not available, those of the other 
years may be entered as alternatives. Please indicate so in "Remarks". 
  137
APPENDIX A 
2. If copies of monthly utility bills are available, which contain the same 
information as is required herein; you may skip this form and enclose a copy 
of the bills as attachment instead.  
 
2. Building Physical Characteristics 
2.1 Gross Floor Area (GFA) of the building:               m2 
Note: as verified by the Urban Redevelopment Authority (URA). 
 
2.2 Please specify floor areas covered by the energy bills as well as their respective 
operating hours.  
 





Guest Room Area  24  
Restaurant Area    
Cafe and Pub    
Common Area  N/A  
Convention  N/A  








   
Others (Specify)    
Total*  N/A  
 
2.3 If there are other function areas in the hotel premises (for example, offices 
leased to tenants), which are not covered by the above energy bills, please 
specify the details.  
                                                                         
                                                                         
 
2.4 Year of construction: _________ 
 
2.5 Total number of storeys (above ground/below ground): _____ /____  
 
2.6 Area of a standard guest room:       m2  
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2.7 Date of the last retrofit, if applicable: _______/_______ (Month/ Year) 
 
Please tick the systems retrofitted, if applicable: 
∀ Facade system      Details: _____________________  
∀ Air conditioning system    Details: _____________________ 
∀ Lighting system    Details: _____________________ 
∀ Others (please specify):                                 
Note: please enclose detailed documents if available.  
 
2.8 Have you ever conducted any energy audit for the hotel?   
Yes  ∀     No  ∀ 
If yes, please specify the year of the last energy audit:            
 
2.9 Is there a Building Management System (BMS) in your hotel?   
Yes  ∀     No  ∀ 
 
2.10 Number of guest rooms:            
 
2.11 Is there is a swimming pool in the hotel?    
Yes  ∀     No  ∀ 
 
2.12 Is there a laundry room in the hotel?    
Yes  ∀     No  ∀ 
If yes, please specify its capacity:            
 
2.13 Are there any energy saving design features or renewables in the building?  
(e. g. daylight utilization, solar hot water, photovoltaic and so on)   
Yes  ∀      No  ∀ 
 
If yes, please provide details below: 
                                                                  
                                                                  
 
3. Building Operating Characteristics 
3.1 Does your hotel operate throughout the whole year?   
Yes  ∀       No  ∀   
If no, please specify percent of year it operates:          
 






3.3 Please fill in the table with monthly occupancy rate of the past two years. 
 
Occupancy Rate (%) 
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
                 
                 
Remarks: 
Note: if detailed occupancy rate is not available, please input yearly average 
instead. 
 
4. Building Services 
4.1 Major energy consuming equipment and systems  
(Note: Please specify if the units are different from those in parenthesis) 
 
∀  Number of Chillers:        
Rated capacity:              (RT) 
Rated efficiency:             (kW/RT) 
 
∀  Number of split units:        
Rated capacity:               (Btu/hr) 
Rated efficiency:              (EER) 
 
∀  Average lighting density:          (W/m2) 
 
4.2 Air-conditioning central plant operating hours 
 
Schedule Weekday Saturday Sunday Public 
Holiday 
Start Time     
End Time     
 
5. Building indoor environment 
5.1 Indoor thermal settings: Temperature         (Degree C) 







Do you consent to further interview, if required, or a site visit to be conducted by 
researchers from the Energy and Sustainability Unit, National University of 
Singapore?  
Yes                   No       
 
 
I hereby certify that the information given above is true and accurate at the time 
when the form is filled in. 
  
Signature:                              Company Stamp: 
 
Name:                          
 
Designation:                     
 
Date:                           
 
 







APPENDIX B: PEARSON CORRELATIONS BETWEEN 
ENERGY USE INTENSITY AND SECONDARY ENERGY 
DRIVERS 
 
Table B. 1 Pearson correlations between energy use intensity and secondary energy 
drivers 
 
* Correlation is significant at the 0.05 level (2-tailed). 
** Correlation is significant at the 0.01 level (2-tailed).  
Variable name Description Pearson correlation
GFA Gross floor area 0.165 
FLOOR Number of floors 0.437* 
ROOM Number of guest rooms 0.298 
GFARM Gross floor area per guest room -0.003 
SDRMAREA Area of a standard guest room 0.430* 
AGE Building age -0.205 
RETROFIT Number of years after the last major retrofit 0.529** 
WORKER Number of workers on the main shift 0.473** 
OCPRATE Yearly occupancy rate 0.254 
PTDINING Percent of GFA for dining facilities 0.017 
PTCONVEN 
Percent of GFA for convention centers and 
offices -0.004 
PTRETAIL Percent of GFA for retail shops -0.268 
BOILER Diesel boiler used 0.217 
DISCOOL District cooling system used 0.217 
BMS Building management system used 0.309 
WKDENS Worker density 0.669** 
AUDIT Energy audit performed in the last 5 year 0.367* 
LAUNDRY Presence of laundry facilities 0.366 
STAR5 Five-star hotel 0.354 
STAR4 Four-star hotel 0.166 
STAR3 Three-star hotel -0.673** 
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APPENDIX C: RESIDUAL PLOTS OF THE PREDICTIVE 
REGRESSION MODEL 
 
Figure C. 1 Histogram of regression standardized residual 
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APPENDIX D: MATLAB CODES FOR PERFORMING 
FUZZY CLUSTERING ANALYSIS 
 
function cls = fclu(x,a) 
%fuzzy clustering on EUI (kWh/m2/year) 
%x is vector of EUI, a is number of clusters which must be integer number from 2 to 
5.   
[center, U, obj_fcn] = fcm(x,a); 
maxU = max(U); 
 
if a == 2 
    index1 = find(U(1, :) == maxU); 
    index2 = find(U(2, :) == maxU); 
    line(x(index1), x(index1), 'linestyle',... 
    'none','marker', 'o','color','g'); 
    line(x(index2),x(index2),'linestyle',... 
    'none','marker', 'x','color','r'); 
    hold on 
    plot(center(1),center(1),'ko','markersize',15,'LineWidth',2); 
    plot(center(2),center(2),'kx','markersize',15,'LineWidth',2); 
     
    cls1 = sort (x(index1)); cls2 = sort(x(index2)); 
    cls1 = cls1'; cls2 = cls2'; 
    cls1 
    cls2 
     
elseif a == 3 
    index1 = find(U(1, :) == maxU); 
    index2 = find(U(2, :) == maxU); 
    index3 = find(U(3, :) == maxU); 
    line(x(index1), x(index1), 'linestyle',... 
    'none','marker', 'o','color','g'); 
    line(x(index2),x(index2),'linestyle',... 
    'none','marker', 'x','color','r'); 
    line(x(index3),x(index3),'linestyle',... 
    'none','marker', 's','color','b'); 
    hold on 
    plot(center(1),center(1),'ko','markersize',15,'LineWidth',2); 
    plot(center(2),center(2),'kx','markersize',15,'LineWidth',2); 
    plot(center(3),center(3),'ks','markersize',15,'LineWidth',2); 
     
    cls1 = sort (x(index1)); cls2 = sort(x(index2)); cls3 = sort(x(index3)); 
    cls1 = cls1'; cls2 = cls2'; cls3 = cls3'; 
    cls1 
    cls2 
    cls3 
APPENDIX D 
 146
elseif a == 4 
    index1 = find(U(1, :) == maxU); 
    index2 = find(U(2, :) == maxU); 
    index3 = find(U(3, :) == maxU); 
    index4 = find(U(4, :) == maxU); 
    line(x(index1), x(index1), 'linestyle',... 
    'none','marker', 'o','color','g'); 
    line(x(index2),x(index2),'linestyle',... 
    'none','marker', 'x','color','r'); 
    line(x(index3),x(index3),'linestyle',... 
    'none','marker', 's','color','b'); 
    line(x(index4),x(index4),'linestyle',... 
    'none','marker', 'o','color','m'); 
    hold on 
    plot(center(1),center(1),'ko','markersize',15,'LineWidth',2); 
    plot(center(2),center(2),'kx','markersize',15,'LineWidth',2); 
    plot(center(3),center(3),'ks','markersize',15,'LineWidth',2); 
    plot(center(4),center(4),'ko','markersize',15,'LineWidth',2); 
     
    cls1 = sort (x(index1)); cls2 = sort(x(index2)); cls3 = sort(x(index3)); cls4 = 
sort(x(index4)); 
    cls1 = cls1'; cls2 = cls2'; cls3 = cls3'; cls4 = cls4'; 
    cls1 
    cls2 
    cls3 
    cls4 
     
elseif a == 5 
    index1 = find(U(1, :) == maxU); 
    index2 = find(U(2, :) == maxU); 
    index3 = find(U(3, :) == maxU); 
    index4 = find(U(4, :) == maxU); 
    index5 = find(U(5, :) == maxU); 
    line(x(index1), x(index1), 'linestyle',... 
    'none','marker', 'o','color','g'); 
    line(x(index2),x(index2),'linestyle',... 
    'none','marker', 'x','color','r'); 
    line(x(index3),x(index3),'linestyle',... 
    'none','marker', 's','color','b'); 
    line(x(index4),x(index4),'linestyle',... 
    'none','marker', 'o','color','m'); 
    line(x(index5),x(index5),'linestyle',... 
    'none','marker', 'd','color','k'); 
    hold on 
    plot(center(1),center(1),'ko','markersize',15,'LineWidth',2); 
    plot(center(2),center(2),'kx','markersize',15,'LineWidth',2); 
    plot(center(3),center(3),'ks','markersize',15,'LineWidth',2); 
    plot(center(4),center(4),'ko','markersize',15,'LineWidth',2); 
    plot(center(5),center(5),'kd','markersize',15,'LineWidth',2); 
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    cls1 = sort (x(index1)); cls2 = sort(x(index2)); cls3 = sort(x(index3)); cls4 = 
sort(x(index4)); cls5 = sort(x(index5)); 
    cls1 = cls1'; cls2 = cls2'; cls3 = cls3'; cls4 = cls4';cls5 = cls5'; 
    cls1 
    cls2 
    cls3 
    cls4 





xlabel('Normalized energy use intensity (kWh/m2/yr)'); 
ylabel(' Normalized energy use intensity (kWh/m2/yr)'); 
title('fuzzy clustering on EUI'); 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
